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Kosmos 60 is today the most talked 
about furnace black for reinforcing nat- 
ural and synthetic rubber. It originates 
from oil and ts perfected by United's 
exclusive process. Its superb processing 
and balance of strength make*“for the best 
in rubber products. 


UNITED CARBON COMPANY, INC. 
CHARLESTON 27, W. VA 


NEW YORK * AKRON + CHICAGO «+ BOSTON 





Order a shipment of 
WITCO-CONTINENTAL 


CARBON 
BLACK 


on expendable pallets 


Witco-Continental pioneered palletized 
carbon black shipments to save you money and time 
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Palletized shipments are loaded 
and unloaded in minutes rather 
than hours. Engineered stacking 
patterns assure smooth riding, op- 
timum freight rates and undam- 
aged delivery to your plant. 


Palletized loads can be picked up, 
carried and stacked in your ware- 
house, two high, all by fork lift 
truck. You save valuable storage 
space and materials-handling man- 
power. Order your supply today. 


Consult us on your carbon black materials-handling problems. 


WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 
260 Madison Avenue, New York 16, N. Y. 


Chicago © Boston « Cleveland * Akron « Atlanta * Houston 


35 years of growth 


Amarillo « Los Angeles * San Francisco * London & Manchester, Eng. 





Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 


August 24, 1912. Acceptance for mailing at special rate 


of postage provided for in paragraph (d-2) 


Section 34.40, P. L. and R. of 1948, authorized September 25, 1940 
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PHILBLACK could Write Volumes 


about Rubber and Carbon Black! 


For twenty years Phillips scientists 
have been studying rubber, experi- 
menting with hundreds of recipes. 
They have developed new, better, 
more economical carbon blacks. They 
have tested and tested. They have 
proved their results. 

This wealth of knowledge, this prac- 
tical experience, is available to all 
Philblack customers. Our technical 
staff may already have solved the 
problem that is bothering you right 
now, Consult our Philblack repre- 
sentative or write for information 
concerning the versatile Philblacks. 


*” TRADEMARK 


know the Philblacks/ 


KNOW WHAT THEY’LL DO FOR YOU! 


Philblack A FEF Fast Extrusion Furnace Black 
Ideal for smooth tubing, accurate molding, satiny finish. 
Mixes easily. High, hot tensile. Disperses heat. Non-staining. 


Philblack | ISAF intermediate Super Abrasion Furnace Black 
Superior abrasion resistance at moderate cost. Very high re- 
sistance to cuts and cracks. More tread miles at high speeds. 


Phitblack O HAF High Abrasion Furnace Black 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philblack E SAF Super Abrasion Furnace Black 
Toughest black on the market. Extreme abrasion resistance. 
Withstands aging, cracking, cutting and chipping. 


PHILLIPS CHEMICAL COMPANY, Philblack Sales, 318 Water Street, Akron 8, Ohio. 
Export Sales: 80 Broadway, New York 5, N. Y. West Coast: Harwick Standard Chemical 
Company, Los Angeles, Calif. Canada: H. L. Blachford, Ltd., Montreal and Toronto. 
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DOUBLE-CHECKED \W/ CHEMICALS FOR THE RUBBER INDUSTRY FS 


HARPLES | 


AT halt A 


50% WATER DISPERSION OF 
yA, lomeeli-15s @ 4 Sela iieley ..i-7 4 7 we 


Use in latex for 


FAST 


low-temperature cures 


SHARPLES CHEMICALS INC. 
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A non-oxidizing 
tackifier and 


plasticizer for 


GR-S, NEOPRENE, 
NATURAL RUBBER 
and RECLAIM 


“Galex” is a stable rosin acid that effectively tacki- 
fies and plasticizes GR-S, Neoprene, natural rubber 
and reclaim. Because of its chemical structure, 
principally dehydroabietic acid, “Galex” is unaf- 
fected by oxidative aging and does not induce oxi- 
dation of elastomers in which it is used. It is 
highly compatible with various elastomers, resins 
and solvents. 


“Galex” is widely used as a tackifier-plasticizer in 
hose, belting, mechanical goods and various friction 
stocks. It imparts strong surface tack which de- 
velops into excellent adhesion after cure. “Galex” 
also functions as a highly stable and compatible 
tackifier in rubber-base adhesives and cements. 


Write for technical information and samples. 


SYNTHETIC RUBBERS © PLASTICIZERS © CHEMICALS © SOLID PROPELLANTS 
784 NORTH CLINTON AVENUE TRENTON 7, NEW JERSEY 


in Canada: Naugatuck Chemicals Division, Dominion Rubber Company, Elmira, Ontarie 
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NEW “PILLOW” TANKS 


utilize high solvent resistance of 


UBBERIZED fabric tanks that hold up to 10,000 
gallons, yet roll into portable packages when 
empty, are the latest means of storing bulk fuels 
in the field. Twin problem in building these “pillow” 
tanks was finding a workable rubber to withstand 
a variety of fuels and field conditions. 
The answer was CHEMIGUM—easiest-processing of 
the nitrile rubbers and unusually resistant to oils, 
greases and solvents. CHEMIGUM breaks down 
rapidly on the mill to give uniform solutions which 
are easily applied to the Nylon fabric. 
In use, CHEMIGUM imparts high resistance to all 
fuels plus excellent flexibility and low porosity in 
any weather. What can it do for your product? il 
Write today for full technical help and samples to: ~ CHEMICAL 


Goodyear, Chemical Division, Akron 16, Ohio 4 GOOD/YEAR ) 


_ DIVISION 


Chemigum, Pliobond, Pliolite, Pliico-Tuf, Pliovice —T. M.'s 
The Goodyear Tire & Rubber Company, Akron, Ohio 


The Finest Chemicals for Industry- CHEMIGUM - PLIOBOND - PLIOLITE - PLIO-IUF PLIOVIC - WING-CHEMICALS 
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... setting the pace 


The pace is being set by the Sid Richardson Car- 
bon Co. Through production of TEXAS 109, 
the super abrasion channel black which gives the 
compounder these plus features: 


FAST CURE —Ph 9 plus 


OLTIMATE TENSILE —Superior to channel 
black in both natural and GR-S 


ELONGATION —Superior to channel black in 
both natural and GR-S 


CRACKING —Equivalent to HAF in GR-S 


ABRASION —Equivalent to ISAF 
in LTP and GR-S 


All this at HAF prices . . 


Write, wire or telephone for samples and information 


Std Richa cdson 


CARBON 


FORT WORTH, TEXAS ‘cmcant SALES OFFICES 
CVANS SAYINGS AND LOAN BUROING 
aanon 6, One 
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Early radios in automobiles, like the 1924 model 

shown, were apt to be homemade affairs. It wasn’t ~ 
until 1929 that large-scale commercial adaptation 

started and expanded until now there are about 

twenty-five million radios in cars. 


This rapid development has been typical of all 
parts of the automotive field including rubber. 
Here Monsanto has played an important role, 
steadily increasing the number of chemical prod- 
ucts used in improving rubber performance. 


For example, Monsanto’s non-staining, non-dis- 
coloring Santowhite antioxidants are designed to 
protect a wide variety of light-colored materials 
They deliver superior performance in both syn 
thetic and natural rubbers. Monsanto produces 
them under rigid quality-controlled conditions to 
assure uniform quality. 


Serving Industry... 
Which Serves Mankind 


Write today for 
your copy of new 
catalog ‘‘Chemi- 
cals for the Rub- 
ber Industry’’ to 
MONSANTO 
CHEMICAL COM- 
PANY, Rubber 
Service Depart- 
ment, 920 Brown 
St., Akron 11, Ohio. ‘ 


MONSANTO CHEMICALS FOR THE RUBBER INDUSTRY 


GUANIDINE Santowhite MK Thiotax (2-Mercapte wr” Thiurad Butasan* (Zinc 
ACCELERATORS Santowhite L benzothiazole) aa)” thiuram Dibuty! -aithie- 
juanidine Santowhite Poweer Thiefide* (2-2' -dithie- disulfide carbamate 
D.P.G.) ALDEHYDE AMINE bis pai Mono Thiwved SPECIAL 
Guantal* ACCELERATORS ULTRA (Tetramethy!-thiuram- MATERIALS 
sa ACCELERATORS monosulfide) Thiecarbanilide(“A-1") 
Flectol* FOR LATEX, ETC Methasan® (Zinc Santovar* A 
Santofiex* B 2 Dimethy! dithie Sulfasan R 
Santofiex BX carbamate) insoluble Sulfur “60” 
Santofiex 35 Ethasan* (Zinc COLORS 
Diethy! dithie- REODORANTS 
carbamate) "Reg. U.S. Pat. Off. 


a2. 
Santofiex AW Thiurad’ (Tetramethy\ 
Santowhite* Crystals thiuram disulfide) 
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© ° . * 
yy hy is this wire wiser? 
Wiser and better because of a special rubber covering compound 


employing a PANAREZ hydrocarbon resin 
In GRS electrical wire covering applications, PANAREZ resins 


produce stocks which are economical, smooth, glossy, easy proc 
essing and fast extruding. They provide excellent color and color 
stability. They have low specific gravity. They enhance such 
properties as tensile strength, elongation, tear resistance, abra 
sion resistance, electrical characte ristics and aging qualities. 


plied in many ways in the compounding of synthetic rubbers, 
PANAREZ resins are helping produce better products, and at the 
ame time effect decided economie 
Whether your business has to do with wire, shoe soles, belting, 
floor tile, hose, insulators or some other products, we welcome 
the opportunity to work confidentially with you 
on your particular problem. For full information NYPRRSAEEN 


write or wire Dept. RC PANAREZ 


PAN pons 
Pan American At. = 


‘ 122 EAST 42mo STREET - NEW YORK 17, N. Y. 


PANAREZ PANAPOL PANASOL 
Hydrocarbon resins Hydrocarbon drying oils Aromatic solvents 
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Your Product Deserves 


DU PONT RUBBER CHEMICALS 


dependable in performance... uniform in quality 





Accelerator 89 Polyac* RUBBER 
Accelerator 552 Tepidone* DISPERSED COLORS 
Accelerator 808* Tetrone*A 

Rubber Red PBD 


Accelerator 833* Thionex* Rubber Red 2B 
Buty! Accelerator 21 Thionex*Grains woreadonein , 
Rubber Yellow GD 


Thiuram E 

Thiuram M Rubber Green FD 

Thiuram M Grains Rubber Green GSD 

Zenite* Rubber Blue PCD 

Zenite*A Rubber Blue GD 
Permalux* Zenite*Special 


pre 


-——_ ORGANIC ISOCYANATES —— 


ANTIOXIDANTS = ——— 


Akroflex*C Neozone*A 
Akroflex*CD Neozone*D 


’ "ty 
Antox* Permalux* coca PEPTIZING AGENTS a 


Thermoflex*A 


Hylene*M Hylene*M-50 


RPA No RPA No. 5 
he died RPA No RPA No. 6 


en RPA No. 3 Concentrated 


Aquarex*L Aquarex*ME | 

Aquarex*D Aquarex*NS RECLAIMING CHEMICALS moe 
: i = | 

Aquarex*G Aquarex*SMO 


Aquarex*MOL Aquarex*WAQ RPA Wo. 3 RR-10 


BLOWING AGENTS ———{— SPECIAL PURPOSE CHEMICALS 


eae oe 7) 


Unicel Unicel ND Barak*— Accelerator activator 


Unicel S Copper inhibitor X-872-L — Inhibits catalytic 
action of copper on elastomers 


ELA— Elastomer lubricating agent 


Vairon® Estersil— Reinforcing agent for 
silicone rubbers 


Heliozone* — Sun-checking inhibitor 
NBC — inhibits weather cracking of GR-S 
Retarder W— Accelerator retarder 


"REG. U.S. PAT. OFF 





[TT 


BETTER THINGS FOR BETTER LIVING THROUGH CHEMISTRY 
Et. DU PONT DE NEMOURS & CO. (INC.) « RUBBER CHEMICALS DIVISION 
WILMINGTON, DELAWARE 
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A Leader in Rubber Chemicals Research 


adds two recent developments 
NOBS* SPECIAL Accelerator and ANTIOXIDANT 425* 
to its top-quality line... 


ACCELERATORS 
Thiazoles 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined—Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidines 

DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 

ANTIOXIDANTS 
Antioxidant 2246® 
Antioxidant 425° 

PEPTIZER 
Pepton® 22 Plasticizer 

RETARDER 
Retarder PD 

‘ SULFUR 
“4 : 

Rubber Makers’ Grades 


—with further significant research achievements still to come! 


*Trade-mark 


SALES REPRESENTATIVES AND 
WAREHOUSE STOCKS: Akron 
Chemical Company, Akron, Ohio 
+H. M. Royal, inc., Trenton, N.J 
+H. M, Royal, inc., Los Angeles, 
Calif. + Ernest Jacoby and Com- 
pany, Boston, Mass. + Herron & 
Meyer of Chicago, Chicago, Ill.- 
in Canada: St. Lawrence Chem- 
ical Company, Ltd., Montreal 
and Toronto 
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Tubeless Tires, or 
Tires and Tubes, 


You need /CABOT.... 


VulcanS6:s:; 


jor IMPROVED TREAD WEAR 


SterlingV:: 


| for SUPERIOR UNDERTREAD, 
SIDEWALL and CARCASS 


CABOT GODFREY L.CABOT, INC. 
4 77 FRANKLIN ST, BOSTON 10, MASS 
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The whole family 
steps out in style! 


.,. thanks to NEVILLE Coumarone Resins 


The buyer of shoes looks for style, lightness, flexibility, comfort, waterprool 


Why not call on Neville's . 
protection and long wear' 
yeors of experience and 


“know-how” to help you in 
The manulacturer, on the other hand, in order to guarantee these necessary 


your particular problems 
selling points, seeks tensile strength, abrasion resistance, flex-lile and uniform 


quality in the stock he uses lor producing quality loot-wear 


pucts oF tomo 
wae + soncesoe That's why Neville Coumarone Resins are being used in sole and heel 
freee tet Ceemicgus 
oF ‘ compounding in ever-increasing volume Through them manulacturers enjoy 
Of Teear 
improved properties and production advantages, building tack in their 


@ompounds without sacrificing hardness, tensile or tear 


NEVILLE CHEMICAL CO. * PITTSBURGH 25, PA. 


Plants at Neville isiand, Pa., and Anaheim, Col. 
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The Toughest rubber industrial belting 


is made with 


Rubber conveyor belts, like this one carry- 
ing boulder-size chunks of coal, are sub- 
jected to the most brutal treatment imagin 
able. Plain rubber couldn't take it for long 
But these conveyor belts are reinforced 
with powerful synthetic fibers — fibers 
which are permanently bonded to the rub 
ber. Consequently they are able to take 
severe punishment for years 

Koppers resorcinol-formaldehyde resins 
form a lasting bond between synthetic re- 


RESORCINOL 


inforcing cords and rubber—a bond that 
will take constant pounding and wear, will 
withstand prolonged flexure in service, 
without separating. Their remarkable ad 
hesive properties with rubber make Re- 
sorcinol-based resins ideal for use in the 
manufacture of heavy duty tires, belting, 
and in virtually all products where rubber 
is reinforced with synthetic or natural 
fibers. 
For further information, write to: 


KOPPERS COMPANY, INC. 


CHEMICAL DIVISION, DEPT. RCT-25 


PITTSBURGH 19, PENNSYLVANIA 


SALES OFFICES: NEW YORK - BOSTON - PHILADELPHIA 
ATLANTA - CHICAGO - DETROIT - LOS ANGELES 
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Srop KIS/iNG Cosrs 


- Becolyte 


the versatile resin 


Costs Less...Offers More! 


Piccolyte—a pure hydrocarbon, thermoplastic 
terpene resin—is low in cost and readily soluble in 
low-cost naphthas, pentane and hexane. It is pale 
and stable in color, chemically inert, compatible 
with many other materials, non-toxic. There are nine 
melting points. 

Piccolyte has the same carbon to hydrogen ratio 
as plantation rubber, and has excellent tack-producing 
properties. Ideal for rubber tile and other products 
where light colors and tints are demanded. 

Use Piccolyte to keep your costs down without 
sacrificing in any way the quality of your products. 
Piccolyte costs less per pound today than practically 
all other resins, yet offers the maximum in quality 
and service. 


Write for data booklet, and a free sample of PICCOLYTE. Give 
intended use, so we can send sample of appropriate grade. 


PENNSYLVANIA 
INDUSTRIAL CHEMICAL CORP. 


CLAIRTON, PA. 


Plants at Clairton, Pa. and Chester, Pa 
Outributed by Harwick Standard Chemical Co., Akron 5, Ohio 
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the finest in... 
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ACCELERATORS 


THIAZOLES— 
M-B-T 
M-B-T-S 


THIURAMS— 
MONEX*t 
MORFEX 
PENTEX* 


O-X-A-F 


TUEX*t 
ETHYL TUEX* 


DITHIOCARBAMATES— 


ARAZATE* 
BUTAZATE* 


ETHAZATE** 
METHAZATE** 


ALDEHYDE AMINES— 


BEUTENE* 
TRIMENE* 





HEPTEEN BASE* 
TRIMENE BASE* 


XANTHATES— 
C-P-B* - Z-B-X* 


ACTIVATORS 


VULKLOR DIBENZO G-M-F 
D-B-A G-M-F 


ANTIOXIDANTS 
AMINOX* | B-L-E* 
ARANOX* | B-X-A 
V-G-B* FLEXAMINE 
OCTAMINE* | BETANOX* Special 


SPECIAL PRODUCTS 


BWH-1 SUNPROOF* Improved 
CELOGEN SUNPROOFP® junior 
CELOGEN-AZ | SUNPROOF*—713 
E-S-E-N SUNPROOF*® Regulor 
LAUREX* SUNPROOF* Super 
TONOX* KRALAC* A-EP 


Rubber 
Chemicals? 


PROCESS 
ACCELERATE 
PROTECT 


NAUGATUCK offers a complete 
line of proven accelerators, activa- 
tors, anti-oxidants, and special 
chemicals to give you thorough con- 
trol of rubber product manufacture 
and performance. 





SPECIAL PRODUCTS FOR 


SYNTHETIC POLYMERS 
THIOSTOP K & N—short stops 
POLYGARD-—stabilizer 


*Reg. U.S. Pat. Off 


Naugatuck Chemical 


Division of UNITED STATES RUBBER COMPANY 
341 Elm Sc , Naugatuck, Conn 
IN CANADA: NAUGATUCK CHEMICALS DIVISION 
Dominion Rubber Company, Limited, Elmira, Ontario 
Rubber Chemicals ¢ Synthetic Rubber « Plastics « Agricultural Chemicals 
Reclaimed Rubber «+ Latices 


tethese products furnished either in powder 
form or faste-dispersing, free-flowing 
NAUGETS. 
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CIRCOSOL-2XH GIVES YOUR TIRES 
THE EXTRA SAFETY CUSTOMERS WANT 


Circosol-2XH is the elasticator 
that gives you the tougher, more 
resilient rubber needed to make 
safer tires. And it does it without 
jacking costs sky high. Enough 
Circosol-2XH for an 8.00 x 15 
size 100 level tire costs less than 
2¢ more than the cheapest sof- 
tener you can buy. 

Tires made with Circosol-2XH 
have greater resistance to abra- 
sion, and can take sharper im- 


pacts and a rougher all around 
beating than tires made with 
cheap softeners. Circosol-2XH 
helps inhibit the spread of cuts 
and helps tires go through hard 
driving on hot summer roads 
without damaging heat build-up. 


You can get the full story on 
the advantages of Circosol-2XH 
from your local Sun Oil Company 
Representative—or write 
Department RC-1. 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. « SUN OIL COMPANY LTD., TORONTO & MONTREAL 
Refiners of famous High-Test Blue Sunoco Gasoline 


UNOC 





JANUARY-MARCH + — 1955 


VOLUME XXVil . NUMBER ONE 


RUBBER CHEMISTRY 


TECHNOLOGY 


PUBLISHED QUARTERLY BY THE 
DIVISION OF RUBBER CHEMISTRY 
OF THE AMERICAN CHEMICAL SOCIETY 





RUBBER CHEM. & TECH.—Jan.~Mar. 


CARBON BLACKS 


for RUBBER COPCOREN: 


ISAF shies Super Abrasion Furnace) f 
STATEX-125 i, } 


HAF (High tivation Fanan) fa 
STATEX- R t 


MPC (Medium ate Channel) 
STANDARD MICRONEX. 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 
STATEX-B 


FEF (Fast Extruding cee 
STATEX-M 


HMF (High Modulus cen 
STATEX-93 


SRF (Semi-Reinforcing Furnace) 
FURNEX® 


- COLUMBIAN COLLOIDS - 
COLUMBIAN CARBON CO. - BINNEY & SMITH INC. 


MANUFACTURER DISTRIBUTOR 








500 TONS OF lame SMOKE A DAY 





RUBBER CHEMISTRY 
AND TECHNOLOGY 


Published Quarterly under the Auspices of the Division of Rubber Chemistry 
of the American Chemical Society, 
Prince and Lemon Streets, 
Lancaster, Pa. 





Re. cia: by we vlc Doo Pas RO Oe ee C. C. Davis 
Advertising Manager............. “2 1. H. KrisMaNnn 
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RuspBer CHEMISTRY AND TECHNOLOGY is published quarterly under the 





supervision of the Editor, representing the Division of Rubber Chemistry of the 
American Chemical Society. The object of the publication is to render avail- 
able in convenient form under one cover all important and permanently valu- 
able papers on fundamental research, technical developments, and chemical 
engineering problems relating to rubber or its allied substances. 


RupBer CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 

(1) Any member of the American Chemical Society may become a member 
of the Division of Rubber Chemistry by payment of the dues ($4.00 per year) 
to the Division and thus receive RupBER CHEMISTRY AND TECHNOLOGY. 

(2) Anyone who is not a member of the American Chemical Society may 
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NEW BOOKS AND OTHER PUBLICATIONS 


Cuimik pu Caourcnouc NatrureL. (Chemistry OF NaruRAL RUBBER 
$y Jean Le Bras. Issued by the French Rubber Institute, 42 rue Scheffer, 
Paris, 16, France. 64 & 9} in. 72 pp. (In French.)—This 72-page booklet 
is actually a reprint of a chapter in Volume 22 of “Traité de Chimie Orga- 
nique’, published last year by Masson & Co., Paris. As indicated by its pref- 
ace, it is an attempt to provide chemists with the principal known facts about 
natural rubber. Basically, the report is divided into three sections, treating 
with the composition and properties of latex, of what the author calls hydro- 
carbon rubber, and vulcanized rubber, in that order. Considerable space is de- 
voted to the structure of rubber and to its chemical properties. Similar atten- 
tion is paid to the physical properties of the vulcanized product. No attempt 
is made to furnish a complete bibliography, but some 40 general works are 
listed to enable the reader to pursue the subject in greater detail. [From the 
Rubber Age of New York. ] 


FACHKUNDE FiUR pie GUMMUINDUSTRIE. VoL. II—MaAscHINENKUNDE. 
(TECHNOLOGY FoR THE RuBBER INDUSTRY. VoL. II—MacHINery AND Equir- 
MENT.) By Hans Kichstadt. Published by Fachbuchverlag, G.m.b.H., Karl- 
Heine-Strasse 16, Leipzig W-31, Germany. 6} * 9in. 254 pp. Price, DM 10 
(approximately $2.50). (In German.)—This is the second volume in the 
planned series of ten volumes intended to serve as a “guide” to the rubber 
manufacturing industry. Whereas the first volume was prepared to cover the 
various materials used in rubber compounding, this second one is devoted com- 
pletely to machinery and equipment. It is divided into three sections, the first 
devoted to accessory and auxiliary equipment, the second to equipment used 
in the preparation of rubber for processing, and the third to vulcanizers, ex- 
truders, presses, calenders and other machinery used in the production of fin- 
ished rubber goods. There is also a supplemental section containing some 
safety suggestions, numerical tables, and literature references. Like the pre- 
vious edition, some references appear in the text to the “Capitalistic’”’ and 
“Socialistic’’ approaches, and several descriptions of Russian equipment are in- 


cluded. [From the Rubber Age of New York. ] 


THE Srory oF Tire Beaps ANd Trres. By Walter KE. Burton. Published 
by the McGraw-Hill Book Co., 330 West 42nd St., New York 36, N. ¥ 6x9 
in. 196 pp. $5.00.—Prepared under the auspices of the National-Standard 
Co., this book is the story of the tire bead and the company itself, the two being 
closely related. It is, however, more than just a company history, despite the 
fact that National-Standard is a pioneer and leader in the development and 
production of wire for beads, because it brings together much of the data and 


the descriptions necessary to the design and manufacture of tire beads. In a 


sense, therefore, it can be considered a manual or technical guide to tire beads. 
Detailed information is furnished on wire strength, sizes, corrosion problems, 
fatigue resistances, bead wire finish, testing methods, ete. The book is divided 
into 14 chapters, including one devoted to other uses for wire with rubber, and 
includes both a bibliography and an index A word on the printing should be 
suid. The book is printed in two colors, on glossy paper, and is exceptionally 
well designed for easy perusal. The illustrations, in both black and white and 
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in color, are clear and easy to follow. Both author and designer are to be con- 


gratulated. [From the Rubber Age of New York. } 


Latex Castinc. By C. M. Blow and 8. C. Stokes. Published by the 
British Rubber Development Board, Market Buildings, Mark Lane, London, 
E.C. 3, England. Available from the Natural Rubber Bureau, 1631 K St 
N.W., Washington 6, D.C. 5} 84} in. 40 pp.—One of the series of booklets 
being issued by the British Rubber Development Board under the general title 
of “Natural Rubber Latex and Its Applications’, this booklet treats thé cast- 
ing of latex products. After a brief introduction, it discusses methods and 
processing, production of hollow articles, production of solid articles, and color- 
ing. Among the specific articles described are soft rubber toys, meteorological 
balloons, soles and heels, hospital bowls and dishes, bellows, and masks. A 
special section of the booklet is devoted to abstracts of British patents relating 
to casting and to heat-sensitization of latex. Author and subject indexes are 
included. Other booklets issued to date in this special series, which are prov 
ing extremely helpful to manufacturers of latex products, cover the origin, 
properties and manufacture of latex and the manufacture of dipped goods. 


{From the Rubber Age of New York. ] 


THE PREPARATION OF LaTeX Foam Propucts. By C. Falconer Flint 
Published by the British Rubber Development Board, Market Buildings, Mark 
Lane, London, F.C. 3, England. Available from the Natural Rubber Bureau, 
1631 K Street, N.W., Washington 6, D.C. 54 & 8} in. 64 pp.—Number four 
in the series of booklets being issued by the British Rubber Development Board 
under the title of ‘‘Natural Rubber Latex and Its Applications’, this booklet, 
as indicated by its title, is devoted to latex foam sponge. The main theme of 
the booklet is the latex foam process, with relevant latex processing details 
The method described, i.e., the Dunlop process, is industrially by far the most 
important method of making cellular rubber articles from latex, and other 
processes are mentioned only briefly and only to illustrate a point or complete 
a discussion. After a brief introduction, the author discusses, in turn, the 
gelling process and the compounding of latex, and then launches into a fairly 
comprehensive explanation of production methods. Among subjects covered 
in the latter section of the booklet are wet cures, blowing agents, stabilizers, 
maturation, freezing processes, high frequency heating, molds, washing and 
drying, and specifications. The final section of the booklet is devoted to ab- 
stracts of patents. Author and subject indexes are included. The booklet 
represents the most comprehensive published work to date on latex foam 
sponge. [From the Rubber Age of New York. } 


METHODEN ZUR CHEMISCHEN ANALYSE VON GUMMIMISCHUNGEN. (Mbvru- 
ODS FOR THE ANALYSIS OF RusBER Compounpbs.) By Horst E. Frey. Pub 
lished by Springer-Verlag, Reichpietschufer 20, Berlin W. 35, Germany 
54 & 8}in. 104 pp. (In German.) Price, DM 9.60 (approximately $2.25) 
With the progress made in rubber technology, the demands on the analyst in 
the laboratory have increased considerably. The purpose of this handbook is 
to help the analyst replace the old and time-consuming methods with the new 
and more rapid methods. The author has searched the literature carefully for 
published methods and includes several of his own. Special attention is paid 
to both British and American methods. In discussing the various systems for 
analyzing rubber and rubber compounds, the author indicates that many prob- 
lems still require clarification and numerous methods proposed in recent years 
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have yet to prove their usefulness. The contents of the handbook are sub- 
divided into the following principal sections: (1) Analysis of mineral ingredi- 
ents; (2) Carbon black and sulfur; (3) Qualitative and quantitative analysis of 
organic ingredients; (4) Miscellaneous, including identification of rubber types. 
{From the Rubber Age of New York. } 


Tue Design aNnp ANALYsis oF INDUSTRIAL EXPERIMENTS. Edited by 
Owen L. Davies; contributions by G. E. P. Box, L. R. Connor, W. R. Cousins, 
Q. L. Davies, F. R. Himsworth, and G. P. Sillitto. Published by Oliver and 
Boyd, London and Edinburgh. 1954. 6} 10 in. 637 pp. Price 63s in 
Great Britain.—This is a sequel to “Statistical Methods in Research and Pro- 
duction’, published in 1947. Imperial Chemical Industries, Ltd., has long 
recognized the importance of statistical methods in research and production, 
and this book, the second that the company has sponsored, has been written 
by a group of chemists and statisticians with the primary view of a book for 
research workers with limited knowledge of mathematical statistics. 

Rubber chemists will be particularly interested in a section on the planning 
and analysis of experiments on the abrasion resistance of rubber and factorial 
experiments on the wear resistance of rubber. The authors have confined 
themselves to methods which have proved of value, and they have avoided 
abstract theoretical subjects. 

The scope of the book is indicated by the titles of the chapters: Planning of 
Simple Comparative Experiments; Sequential Tests of Significance; Sampling 
and Testing Methods; Randomized Blocks and Latin Squares; Incomplete 
Randomized Block Designs; Principles of Factorial Experiments; Factorial 
Experiments with Factors at More Than Two Levels; Confounding in Factorial 
Designs; Factorial Experimentation When Uniform Conditions Cannot be 
Maintained Throughout the Experiment; Fractional Experiments; Determi- 
nation of Optimum Conditions. 


Tue TECHNOLOGY OF SOLVENTS AND Piasticizers. By Arthur K. Doo- 
little. Published by John Wiley & Sons, Inc., 440 Fourth Ave., New York 16, 
N. Y. 6 X 9 in. 1056 pp. $18.50.—Although several books devoted to sol- 
vents and plasticizers have been published in recent years, this new work is an 
especially welcome addition to the literature in that it not only includes both 
the practical and theoretical aspects of the subject, but also approaches the 
technology from the point of view of the principal fields in which solvents are 
employed. Technological fundamentals of solvent utilization are illustrated 
by numerous charts showing how important properties are affected by varying 
components and conditions. The author rarely uses specific formulations, but 
sufficient information is provided in all cases to enable the reader to make his 
own choices to meet specific formulating problems. As indicated, much ex- 
perimental data dealing with multicomponent systems are contained in the 
book, as well as extensive compilations of physical constants of both pure and 
commercial products. But, as G. O. Curme, Jr., points out in his foreword to 
the book, ‘‘the subject matter has been selected and the whole interpreted by 
the author to constitute a valuable treatise on an applied science subject”. In 
all, there are 16 chapters and a section devoted to trade-marks or trade designa- 
tions. [From the Rubber Age of New York. ] 


Tue TecunicaL, Report. Irs PREPARATION, PROCESSING, AND Use IN 
INDUSTRY AND GOVERNMENT. Edited by B. H. Weil. Reinhold Publishing 
Corp., 430 Park Ave., New York 22, N. Y. Cloth, 6 9 inches, 516 pages. 
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Price, $10.00.—Written by prominent researchers, educators, and government 
officials, this book discusses all phases of the technical report from analyses of 
its functions to finding it again and reuse, including its writing, editing, illus- 
trating, duplicating, binding, distribution, and filing. Among the types of re- 
ports covered are progress, formal, and oral reports, the market survey, and 
literature summary. The finding of governmental reports and security regula- 
tions relative to their distribution is also described. Putting technical-report 
files to work is the subject of a particularly interesting chapter. [From the 
Rubber Age of New York. ] 


HANDBOOK OF TEXTILE FiperRs. Edited by Milton Harris. Published by 
the Harris Research Laboratories, Inc., 1246 Taylor Street, N. W., Washington 
11, D.C. 84 & 11} in. 356 pp. $12.50.—In this book, general information 
includes a glossary with 1,800 entries, a listing of names, sources and uses of 
natural and man-made fibers; names, compositions and manufacturers of man- 
made fibers; and economic and production data on fibers and fabrics. For the 
laboratory worker, there are complete fiber identification schemes, yarn num- 
bering and count system, chemical and engineering tables, ete. For the tech- 
nologist and scientist there are chapters on chemical constitution and structure 
microscopy and x-ray diffraction characteristics, the latter two illustrated with 
140 micrographs and x-ray diagrams. Of special interest are nearly 300 tables 
and 100 graphs concerned with almost every conceivable physical and chemical 
property of fibers. An extensive index makes it easy to find desired informa- 
tion. [From the Rubber Age of New York. ] 


SYMPOSIUM ON TEMPERATURE STABILITY OF ELECTRICAL INSULATING Ma- 
rERIALS. (Special Technical Publication No. 161.) Published by the Ameri- 


can Society for Testing Materials, 1916 Race Street, Philadelphia 3, Penna 
6 X 9 in. 140 pp. $2.75.—For years, insulating materials have been divided 
into several temperature classes based to a large extent on the broad definition 


of their composition, that is, organic, inorganic, combinations of organie and 
inorganic, etc. Service experience has served generally to confirm the classifi- 
cations and to establish the suggested temperature limits for each class. In 
view of the rapid development of new insulating materials in recent years, it 
has become increasingly apparent that test methods and standards are neces 
sary as guides for determining the thermal stability of insulating materials 
The symposiuin reported in this book is an important part of such effort 
Sponsored by ASTM Committee D-9 on Electrical Insulating Materials, this 
symposium was presented at the 57th Annual Meeting held in Chicago, June 
1954. [From the Rubber Age of New York. } 
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THE CROSS-LINKING OF RUBBER 
BY PILE RADIATION * 


ARTHUR CHARLESBY 


Aromic Eneray Researcu Estrasctisument, Harwe tjerksunine, Mena 


INTRODUCTION 


Rubber shares with many other long-chain polymers, such as polyethylene 
and polystyrene, the property of becoming cross-linked when exposed to high 
energy radiation. As a result, it is no longer soluble in the usual solvents, but 
swells to an extent which depends on the degree of cross-linking produced 
The process is similar to that of vulcanization, except that no extraneous ma 
terials such as sulfur are introduced, nor is any heat treatment necessary 
Moreover, the degree of cross-linking is directly proportional to the radiation 
dose over a very wide range of values, and occurs at random. It becomes 
therefore, possible to study the swelling properties of cross-linked rubber as a 
function of the degree of cross-linking, and to investigate, in detail, the transi 
tion from a completely soluble material to one which is thoroughly cross-linked 
This offers a new method of determining the molecular weight and molecular 
weight distribution of the original material. 

In this article the following items have been studied 


(1) The swelling properties of highly cross-linked rubber 
(2) The gel fraction of lightly cross-linked rubber 
(3) The viscosity of the sol fraction. 


In addition to these experimental results, a theoretical analysis is given of 
the variation of these properties with degree of cross-linking. By comparing 
these two, the average molecular weight and the cross-linking efficiency can be 
deduced. The mathematical analysis, which is not limited to the study of 
rubber, is given separately in an Appendix 


THEORY 


Pure raw rubber consists of long-chain molecules, each comprising a variable 
number of isoprene units CsHs. Like many other long-chain polymers, it is 
soluble in various organic compounds, This solubility is greatly affected if these 
separate molecules are linked together, e.g., by exposure to high-energy radia 
tion, or in the case of rubber, by chemical vulcanization. The following theory 
which gives the solubility in terms of the degree of cross-linking can, therefore 
be applied to other long-chain polymers 

It is assumed that cross-linking produced by high-energy radiation takes 
place at random along the molecular chains. A-smal!l degree of cross-linking 
results in the formation of a limited number of larger molecules by union of 
two, three, or more of the original molecules, but the material is still soluble 
As the degree of cross-linking is increased, there is a rapid rise of the number 
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and average size of each cross-linked molecule and a stage is soon reached at 
which there is formed a molecule which is theoretically of infinite size, and, 
therefore, insoluble. In practice, the size of the specimen sets the limit to the 
growth, but the distinction is of no practical importance. The specimen then 
comprises a gel fraction, containing a large number of the original molecules 
linked together into one insoluble mass, and a sol fraction, consisting both of the 
original molecules which have not been linked to any others, and of those which 
have been linked to a limited number of other molecules. As the degree of 
cross-linking increases beyond this point, the gel fraction increases, and the sol 
fraction diminishes. 

The first problem is to determine the sol fraction as a function of the degree 
of cross-linking, y, which is conveniently defined as the average number of 
cross-linked monomer units per original molecule. In the case of rubber, the 
monomer unit of which the chain is composed is isoprene, of molecular weight 
68. The treatment given below assumes that the initial molecular-weight dis- 
tribution follows a Poisson or random-probability law. The same method can, 
indeed, be used for other assumed distributions, and has been employed to study 
the variation of the sol fraction for molecules initially of uniform size. In this 
last case, the formula deduced is identical with that derived by Flory! by other 
means. For rubber, as for many other polymers, a random probability-dis- 
tribution appears to be a reasonable first approximation, and has, therefore, 
been used in the mathematical treatment, given in the Appendix. The results 
of this analysis are summarized graphically in Figure 1. 


DETERMINATION OF CROSS-LINKING EFFICIENCY 


The swelling of irradiated rubber offers a means of measuring the density of 
cross-linking. Specimens cut out of a single rubber sheet were irradiated in the 
BEPO atomic pile, operating at constant power. The radiation to which they 
were subjected consisted of slow and fast neutrons and gammas, cross-linking 
being ascribed mainly to the latter two forms of high-energy radiation. Only 
the slow-neutron flux could be measured directly, by means of the radioactivity 
produced in cobalt-wire enclosed with the sample. To reduce variations of the 
ratio of gamma and fast-neutron flux to slow-neutron flux, all specimens were 
irradiated in neighboring positions in the pile. The unit radiation referred to 
below corresponds to a flux of 10" slow neutrons per sq. cm., plus the associated 
fast neutron and gamma flux. 

Small pieces of the irradiated rubber were then swollen in decane. From 
the swelling ratio, the average molecular weight between cross-links M, was 
deduced, using the Flory-Huggins relationship and a value for wu of 0.443. The 
observed relationship between M, and radiation dose R shown in Figure 2 can 
be represented by the formula: 


M. = 6 X 10°/R (1) 


For a molecule of molecular weight Mo, there are Mo/68 isoprene units cap- 
able of becoming cross-linked. Let € represent the probability of a given iso- 
prene unit being cross-linked by unit radiation, and assume that the cross- 
linking is proportional to the radiation dose. Then each molecule will, on the 
average, have MyeR/68 (= 7) cross-linked units, and the average molecular 
weight M, between these cross-links: 


M. = Mo/y 68/eR (2) 
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CROSSLINKING INDEX 8 


Fie. 1 Theoretical curves for an initial Poisson distribution of molecular weights Key : Sol fraction 
(a); cross-linking index (+,.), and final average molecular weight (M,) of sol; cross-linking index (ye») of gel 
(referred to initial molecules in gel) and average molecular weight (Mo,) of initial molecules forming gel 
nitial number average molecular weight (M.) 
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Kia. 2 Relation between radiation dose (#2) and molecular weight between crosslink Vu 
x observed values from swelling data Vv 6.000 BR 


Comparison of Equations (1) and (2) shows that the assumption that cross- 
linking is directly proportional to radiation is justified over the wide range of 
values considered. Moreover, « = 68/6 « 10'~ 1.1 & 10°%. Unit radiation 
results in the cross-linking of approximately 1.1 per cent.of the isoprene units. 
The range covered in Figure 2 is from 00.17 to 6.6 per cent cross-linking. 

The density of cross-linking can also be deduced from elastic modulus meas- 
urements. For specimens of a lightly milled crepe rubber, irradiated to vary- 
ing extents in the BEPO pile, D. W. Saunders of the Davy-Faraday Laboratory 
obtained values M.R of 6.8 K 10° (420%), in fair agreement with the values 
based on swelling data, given in Equation (1) 


EXAMINATION OF GASES EVOLVED DURING RADIATION 


A specimen of rubber sealed in an evacuated tube was irradiated for 4,92 
units, and the gases were evolved subsequently examined in the mass spectrom- 
eter. 

The intensities of the observed peaks, corresponding to the mass in brackets, 
were as follows: hydrogen (2) 154; methane (16) 3.8; H»O? (18) 4; CoHy? (28) 
5; oxygen (16) 0.05;? (44) 10. There were some further very small peaks at 
higher masses 

The gas evolved during radiation, therefore, consists almost entirely of 
hydrogen. The presence of some methane is to be expected. The gases of 
higher molecular weight have not been identified ; their smal! amount indicates 
that there is very little degradation or main-chain fracture 

From the volume of hydrogen evolved, it was deducéd that the irradiated 
specimen lost about 0.04 per cent of its total weight in the form of hydrogen, 
or 2.7 hydrogen atoms per hundred isoprene monomer units. If cross-linking 
arises from the loss of hydrogen, the observed evolution of H. would result in 
2.7 per cent of the monomers being cross-linked per 4.92 units of radiation. 
The actual degree of cross-linking for this radiation dose (deduced from the 
swelling measurement above) is 5 per cent. From these data, one can infer 
that the removal of hydrogen is responsible for a large part of the observed 
cross-linking, although other causes, e.g., unsaturation, may also play a part. 








CROSS-LINKING BY RADIATION 


However, these results are not sufficiently reliable to lead to any quantitative 
conclusions. 


GEL FORMATION AND MOLECULAR WEIGHT 


From the observed relationship between cross-linking and dosage given in 
Kquations (1) and (2), the average molecular weight of the original rubber can 
be deduced. Assuming that the initial weight-distribution follows the random 
Equation (5) gel formation begins when 0.5, as derived in Equation (8 
For a uniform weight-distribution, gelling commences, at 7 1, but, as will be 
shown below, the former assumption appears to be a more reasonable approxi 
mation 

For a specimen of smoked rubber sheet, incipient gel formation was first 
observed at a radiation dose of 0.005 unit (410%); then y | for R 10 
This radiation corresponds to a cross-linking probability (eR) per isoprene unit 
of 1.1 & 10~*, and produces one cross-link per molecule. Each molecule of the 
rubber studied must contain, on the average, 1/1.1 * 10- or 9 & 103 isoprene 
units and have an average molecular weight of 9 «* 10° * 68, or 610,000 A 
crepe rubber sample gave a similar figure. 

A sample of masticated rubber, produced from the rubber sheet used above 
first became insoluble for a radiation dose of 0.017 unit (+20%). The average 
molecular weight, deduced as above, is nearly 180,000. Thus, mastication has 
reduced the molecular weight by a factor of four 


DETERMINATION OF MOLECULAR WEIGHT FROM 
SOL AND GEL FRACTIONS 

Having established that the degree of cross-linking is proportional to radi- 
ation dose, it becomes possible to test the theoretical analysis, given in the 
Appendix, in the region where both sol and gel fractions exist in appreciable 
amount, namely, when ¥ is of the order of unity. At the same time, the initial 
average molecular weight can be determined from the gel fraction. A sample 
of good-quality smoked sheet rubber, specially prepared’, proved to be slightly 
cross-linked before irradiation, as shown by the existence of a small gel fraction 
when it was dissolved in benzene. This may be taken as equivalent to a small 
initial radiation dose of unknown amount. 


GEL FRACTION 


After irradiation for various short periods, the rubber specimens were added 
to benzene, the concentration of soluble rubber being less than 0.3 per cent 
After 3-4 days, with occasional up-ending, the solution was passed under 
gravity through a No. 2 sintered disc. The sol fraction was measured from the 
concentration of rubber in the filtrate by freeze drying. From the percentage 
of sol, the corresponding value of 7 was obtained from the theoretical curve i: 
Figure 1. A plot of y against radiation dose R showed a linear relationship 


y¥ =0.55+45R 


Figure 3 shows the observed gel fractions, plotted against y deduced from this 
formula. The full curve represents the theoretical relationship for a Poisson 
distribution, while the broken curve is the corresponding relationship, assuming 
that molecules are originally of the same size. It is seen that the Poisson dis 
tribution represents the experimental data more satisfactorily 
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The quantity 0.55 corresponds to the initial cross-linking present, prior to 
radiation, but may include a small constant component, arising from additional 
radiation reaching the specimen during the process of removal from the pile. 
As shown above, unit radiation cross-links one isoprene unit in 90. According 
to Equation (3), this radiation increases y by 45. The average number of iso- 
prene units per molecule is, therefore, 45 « 90 or 4,050, and the average molec- 
ular weight prior to any cross-linking is 4,050 68 or 280,000 approximately. 
According to Figure 1, the initial cross-linking index (0.55) results in an in- 
crease in average molecular weight by a factor of about 1.3 to 360,000. This is 
the number average molecular weight; for a Poisson distribution the weight 
average is twice this value. 
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SOL VISCOSITY 


Using the values of y obtained from the gel fraction (3), one may deduce from 
Figure 1 the corresponding average molecular weight M, of the sol molecules. 
These may be compared with the experimental values deduced from viscosity 
measurements. 

The intrinsic viscosity [7] is related to the average molecular weight M by 
a relationship of the form: 


(n] = K Me 


where K is of the order of 10~° and a is close to unity for a long-chain flexible 
molecule. According to Gee’, viscosity measurements offer a convenient and 
reliable method of estimating homogeneous linear polymers, but would be liable 
to error for a polymer which is extensively branched. As is seen in Figure 1, 
the cross-linking index of the sol fraction y, never exceeds 0.5, and outside the 
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range of y, 0.25 to 1 does not reach 0.25, so, in the sol fraction, branching cannot 
be extensive. At y = 0.25 or 1, only about 2.5 per cent of the sol molecules 
have two or more branches; and even at y = 0.5, the figure rises to a maximum 
of less than 9 per cent. Hence, most molecules are no more branched than the 
original rubber, and viscosity measurements offer an approximate method of 
estimating molecular weights. 

The values obtained for a are close to unity; thus Gee*® obtains a ~ 0.96 by 
comparison with osmotic pressure measurements. Other data for a variety of 
rubbers‘ give a somewhat lower value of a, viz., about 0.88, but the results are 
rather scattered. The values of K, which vary markedly with small changes of 
a, are less reliable. At present, viscosity measurements can only be used as a 
rough guide to absolute molecular weight, but are useful for relative measure- 
ments. 

In Table I there are shown the radiation doses, and the corresponding values 
of y deduced from the gel fraction. The theoretical values of M,/Mo corre- 
sponding to these values of y are shown in the third column. The experimental! 
values of [m] (which are proportional to the average molecular weight of the 


TABLE I 


VARIATION OF MoLecuLaR WeiGutr or Sout, Depucep 
FROM GEL FRACTION, AND FROM VISCOSITY OF SOL 


R y M./M [n) M,/M.[n 


0 0.55 1.21 6.5 0.186 
0.0021 0.645 1.05 6.5 0.162 
0.0042 0.739 0.92 5.6 0.164 
0.0063 0.833 0.83 2 0.346 
0.0084 0.928 0.75 0.192 


0.0147 1.2115 0.59 
0.021 1.495 0.49 


0.0105 1.0225 0.69 3.76 0.183 
2 
» 


04 0.194 
1 0.219 


y from radiation dose; M,/Me calculated from 7; [9] from viseosity of sol 


sol if a ~ 1) are seen to follow the same trend as M,/Mpo. Indeed, the ratio of 
M,/ Mo, to [7] is approximately constant, showing that (if a ~ 1) the calculated 
molecular weights in the sol are proportional to the observed values. 

The ratio: M,/Mo[{n] = M,/MoKM,* ~ 1/MoK, if a is close to unity. 
The last column of Table I gives 1/MoK ~ 0.19 and, with Mo equal to 280,000 
as deduced above, K 1.9 x 10-°. The corresponding value of K obtained 
from the data of Gee is 1.7 K 10~°. In view of the different types of rubber 
studied, and the considerable difference in the methods used to derive Mo and 
K, the extent of agreement is largely fortuitous. Changes in K of a faetor of 
two would not be unreasonable. 


MASTICATED RUBBER 


Further tests were carried out on the masticated rubber sheet, for which the 
initial number average molecular weight My deduced above from the cross- 
linking efficiency and the minimum radiation dose to initiate gel formation, was 
about 180,000 + 20%. Two methods of measuring Mo were used, based on 
gel content and on viscosity of sol fraction. In Table II the observed gel frac- 
tion is given. From it the y value is deduced (Figure 1). From y, R, and the 
cross-linking efficiency «€ Mo was calculated. Thus unit radiation produces ¢ 
cross-links per iosprene unit of molecular weight 68. If radiation dose R pro- 
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vides y cross-links per molecule, then the number average molecular weight 
Mo equals 68 7/Re. The values deduced for Mo in Table II are in good agree- 
ment with the value (1.8 « 10°) calculated from the minimum radiation dose 
for gel formation, and the cross-linking efficiency. 

Measurements of the intrinsic viscosity [7] of the sol fraction for these same 
samples are shown in Table III. As predicted by the analysis in the Appendix, 
there is at first an initial rise of molecular weight, followed by a rapid fall. In 


Tas_e II 
DETERMINATION OF MoLecuLAR Werant rrom GEL FRACTION 
Gel 
R fraction 


0 
0.019 
0.038 
0.076 


the Table there is shown the viscosity [7 ] of the sol, the corresponding molecular 
weight M, assuming K = 1.9 Kk 10-' anda = lasabove. The ratio M,/Moof 
sol molecular weight to the initial weight can be compared with that deduced 
theoretically from the gel fraction. With the exception of the last value (for 
which the viscosity is unexpectedly low), the difference is about 10 per cent. 
The value of Mo deduced from these viscosity measurements, i.e., 1.45 10° is 
somewhat lower than that obtained earlier (1.8 10° from gel point, 1.5 to 1.9 
x 10° from gel fraction), but the difference is within experimental error. If 


Tas_e III 
VARIATION OF MoLecuLAR WEIGHT oF So. 


10* K Me 
10° x M, (from sol) 
I, M./M, M./Me / A 

R (9) (i) ii) (from sol) , (from gel) (i) (ii) 
0 2.76 1.45 1.62 1.0 0 1.0 ¥ 
0.019 3.0 1.58 1.77 1.09 0.54 1.2 Re 
0.038 1.85 0.97 1.09 0.67 1.18 0.6 1. 
0.076 0.52 0.27 0.31 0.18 1.8 0.4 0. 


(i) K = 1.9 K 10° (ii) K = 1.7 K 10~* 


45 


0-*) is used, closer agreement is obtained, i.e., 


Gee’s value for K (1.7 X 1 
5 = 1.62 x 10°. 


My . 2.76 ‘| 7 x 10 = 


SWELLING OF LIGHTLY CROSS-LINKED GEL 


The swelling of the gel fraction at very low degrees of cross-linking has been 
studied to determine the range of validity of the Flory-Huggins swelling for- 
mula, written in the form: 


V5 = (0.5 — uw) M./po (4) 


M, is the average molecular weight between cross-links, p is the density of 
rubber, and v is the molar volume of the solvent. 

At first, one might expect the volume-swelling ratio to rise indefinitely as 
the cross-linking index is reduced, and M, correspondingly to increase. In 
Table IV, the results for lightly cross-linked rubber studied above and swollen 
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in decane show that this is not the case. The volume-swelling ratio V; (column 
three) reaches a maximum and then decreases again. This is obviously due to 
the leaching out of the sol component, since only the cross-linked gel fraction 
gives rise to the final swollen material. If the volume-swelling ratio is referred 
to the gel fraction only (Vs, column four), there is a continuous rise of V; as 7 
decreases. 

Using Equation (4), we can calculate an effective cross-linking index for the 
swollen gel: y, = Mo/M,.. This is given in column five, assuming My = 280,- 
000 as deduced above, and u = 0.443. In addition, two cross-linked monome: 
units per gel molecule are required to form the gel, so the total cross-linking 
index of the gel isy, + 2. This is shown in column six; a similar set of values is 
given in column seven, assuming My = 300,000, which is still within experi- 
mental error. Column eight gives the values of y, deduced directly from y by 
means of the theoretical relationship (12). It is seen that the experimental! 
value of y, + 2 (columns vi and vii) agree with the calculated values y, (viii), 
thus confirming the theory. This agreement fails for the very lightly cross- 
linked rubber, for which y, < 0.2. It would, indeed, be surprising if the Flory- 


TasLe IV 


VoLtuME SwetunGc Ratio (V) ror Ligurity Cross-LINKED 
RvuBBER, SWOLLEN IN DECANE 

(i) (i) (in) (iv) 

R y Vi Vy ; 

0 0.55 6.95 58.0 0.10 
0.0021 0.645 13.1 43.6 0.165 
0.0042 0.739 19.2 44.6 0.16 
0.0063 0.833 21.0 $1.1 0.18 


“It 


0.0084 0.928 22.4 39.4 0.195 2.198 2.22 
0.0105 1.0225 22.8 35.6 0.225 22! 2.26 
0.0147 1.2115 21.9 30.9 0.29 { 2.36 
0.021 1.495 16.7 21.1 0.54 2.54 2.62 


NNNNNWN! 
eet 
ee 


to 
- 
= 


(i) radiation dose, (ii) corresponding cross-linking index (iii) volume swelling ratio referred to initial 
weight of specimen. (iv) volume swelling ratio referred to gel only. (v) effective cross-linking index +, 
deduced from V;, assuming M. = 280,000. (vi) total cross-linking index of gel deduced from (v). (vii) as 
(vi) but with M. = 300,000. (viii) vg of gel deduced theoretically from (xi) 


Huggins relationship were to hold in such cases, where there is less than one 
effective cross-link per five molecules in the gel, and most of the molecules are 
tied into the gel at one point only. 
CROSS-LINKING EFFICIENCY 

The cross-linking efficiency ¢, defined as the percentage of the monomers 
cross-linked per unit radiation, is higher for rubber (1.1 per cent) than for 
polystyrene (0.03 per cent), and is somewhat higher than for saturated hydro- 
carbons, such as polyethylene (about 0.5 per cent per CH,). On the other 
hand, each isoprene unit comprises more carbon atoms than does the ethylene 
polymer and contains an unsaturated linkage which may be expected to increase 
the ease of cross-linking. The rate of absorption of energy from the pile radi- 
ation is slightly less than for polyethylene, since the proportion of hydrogen 
atoms is lower in the case of rubber. (11.8 per cent of total weight), compared 
with polyethylene (14.3 per cent), and most of the energy obtained from fast 
neutrons arises from their interaction with hydrogen. Unfortunately the rela- 
tive proportions of fast and slow neutrons and y-rays in the pile is not available, 
so the relative contribution of each of these in promoting cross-linking cannot 
be determined. The effect of the slow neutrons is likely to be small because of 
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the small capture cross-section of the atoms. Energy is absorbed from the fast 
neutrons and gammas in large quanta, of the order of 10° e.v. in each primary 
collision. This energy is then distributed over a number of molecules to pro- 
duce cross-linking. The degree of cross-linking depends mainly on the total 
energy absorbed, rather than on the type of high-energy radiation. Indeed it 
has been possible to cross-link rubber by pure y-radiation. 

If we assume a total energy deposition of 350 joules per gram per unit 
radiation, the energy absorbed per cross-linked unit in rubber is about 22 e.v. 
This is close to the energy expended to form an ion in air or in many gases sub- 
jected to a particle bombardment. 

DISCUSSION 

It has been found possible to cross-link rubber by high-energy radiation, the 
amount of cross-linking being proportional to radiation dose over a very wide 
range. Swelling measurements and elastic-moduli measurements lead to 
similar values for the ratio of cross-linking to radiation dose. It then becomes 
possible to study variations of the properties of rubber as a function of the 
degree of cross-linking. 

The main effect of high-energy radiation is to liberate hydrogen, and pro- 
mote cross-linking. The results of gas analysis indicate that little permanent 
chain fracture takes place during radiation. This is confirmed by the study of 
rubber subjected to considerable radiation. If chain fracture takes place, the 
sol fraction does not tend to zero with increasing radiation dose, but to a value 
characteristic of the ratio f of chain fracture to cross-linking. It is found that, 
after 6 units of radiation (y ~ 450), the sol fraction is less than | per cent corre- 
sponding to f less than 0.1. 

In view of the theories relating cross-linking and gelling of rubber to the 
presence of oxygen, it is of interest to note that cross-linking by irradiation also 
occurs in rubber specimens placed in evacuated containers. There is no ap- 
preciable uptake of oxygen during the process. For example, peroxide vul- 
canization increased the oxygen content of a film from 0.2 to 0.62 per cent, 
whereas after prolonged radiation the oxygen content of a similar thin film was 
only 0.3 per cent. The increase of 0.1 per cent probably arises during produc- 
tion of the film. 

Apart from its value as a means of controlled vulcanization of rubber with- 
out chemical treatment or heating, cross-linking by means of high-energy radi- 
ation can be used to estimate molecular weights and molecular-weight distribu- 
tion. The results do not become less reliable with increasing molecular size. 
In this paper, three methods have been used to estimate molecular weight, 
based on measurements of the radiation dose at which gel formation begins, 
the variation of gel fraction with radiation, and the viscosity of the sol fraction. 
All three methods give similar values to within experimental error. The basic 
assumption is that the initial weight-distribution function follows a random 
distribution, modified if need be by a small amount of cross-linking. The only 
other distribution function for which the theory has been worked out in detail 
is one in which all molecules are of uniform size. The gel fractions, measured 
as a function of radiation dose, agree with a random distribution, but not with a 
uniform size distribution. 

It can be shown theoretically that, for an arbitrary initial distribution and 
random cross-linking, the value of y at which gel formation first begins depends 
only on the ratio of weight average molecular weight to number average, while 
the initial slope of the gel/log y curve depends on the z average molecular 
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weight, i.e., 2 nu®/nu*, where n is the number of molecules containing u mono- 
mer units. From the agreement shown in Figure 3, it follows that, whatever 
the initial distribution in rubber, the ratio of weight average to number average 
and of z average to weight average must be close to those for a Poisson (random) 
distribution. 

It appears, therefore, that this distribution, modified by random cross-link- 
ing, offers a reasonable approximation to the initial weight distribution in 
smoked rubber. For masticated rubber (corresponding to random chain 
fracture), a random distribution of molecular weights would in any case appeal 
reasonable. 

The general problem of determining the molecular-weight distribution funce- 
tion from the gel/y curve will be discussed in fuller detail in a theoretical paper 

The use of viscosity measurements to determine the molecular weight of the 
sol fraction is not always reliable, but the degree of branching in the sol mole- 
cules is not much greater than in the original rubber, so valid comparisens can 
be made. Viscosity measurements show the trends predicted by theory, while 
the constants deduced agree well with those published previously, which are 
ultimately based on osmotic pressure data. A more detailed study of the 
viscosity of the sol fraction for masticated rubber of varying degrees of cross- 
linking should provide useful information on the parameters K and a, and on 
the effects of small degrees of branching. 


CONCLUSIONS 


The degree of cross-linking produced in a rubber by high-energy radiation is 
. . . B I . . . 
proportional to the radiation dose. Unit radiation, as defined in the text, links 


1.1 per cent of the isoprene units. 

The distribution of molecular weight prior to cross-linking agrees with a 
Poisson distribution. Gel formation begins for y = 0.5. From the radiation 
dose required to initiate gel formation, the initial average molecular weight 
van be deduced. 

The increase of gel fraction with radiation dose follows the relationship de- 
duced theoretically in the first part of the article. Measurement of gel fraction 
gives an alternative method of calculating the initial average molecular weight 
Where some cross-linking is present in the rubber prior to cross-linking, this 
may be evaluated. 

In accordance with the theory presented in the article, the viscosity of the 
sol fraction rises initially, then decreases as the radiation dose increases. This 
provides a third method of measuring molecular weight, or of relating viscosit 
to molecular weight, which can be deduced from measurement of gel fraction 

The swelling of very lightly cross-linked gel has been compared with the 
Flory-Huggins relationship, which is found to hold down to very lightly cross- 
linked gels for which the cross-linking index is only 0.2. To obtain this agree- 
ment, it is necessary to consider the swelling of the dry gel, rather than the 
whole specimen, and to ignore the cross-links required to form the gel itself. 


APPENDIX 
The following analysis applies to the formation of gel by random cross- 
linking of molecules in any polymer, and is not confined to the care of rubber 
The basic assumptions are that cross-linking occurs at random (all monomer 
units being equally likely to become cross-linked) and that initially the mole- 
cules are not of uniform length, but follow a random distribution, as would be 
obtained by random fracture of any infinitely long chain. 





CHANGES IN ELASTOMERS DUE TO RADIATION FROM 
COBALT” 


S. D. GeHMAN AND L. M. Hosss * 


Puyeics AnD Evecrronics Section, Researcu Division 
Gooprear Tire & Rusrer Co., Akron, Onto 


The effects on plastics and elastomers of large doses of radiation from radio- 
active sources have been the subject of a number of published investigations. 
Davidson and Geib! reported results of the exposure of elastomers, mostly un- 
cured, to pile radiations. Lawton, Bueche, and Balwit* employed an artifici- 
ally produced beam of 800-kv. electrons. They listed two classes of polymers, 
those which were cross-linked by the radiation and those which were degraded. 

The most thorough study of the effects for any one polymer is presented by 
the investigations of Charlesby* on polyethylene. This work also gives an 
excellent appraisal of the general nature of the reactions and changes which 
radiation may be expected to induce in hydrocarbon polymers. 

Ryan‘ has published the results of exposure of a variety of elastomers to 
intense gamma radiation. Wall and Magat® and Berstein, Farmer, Rothschild, 
and Spalding® studied the effects of radiation on polymerization reactions, with 
results which are illuminating in a general way in regard to the reactions of 
radiation on polymers themselves. 

There is still required a great deal of background information on radiation- 
induced changes in elastomers to understand these changes scientifically and to 
use the elastomers most advantageously. The present work is a survey of the 
effects of a large dose of gamma radiation on a variety of elastomers and com- 
pounds. It adds to work already published, by the greater variety of elastomers 
and elastomer compounds studied, by giving the formulas of many of the com- 
pounds used, by the more exact specification of the type of radiation and the 
temperature during the exposure, and by the exclusion of possible effects due to 
the presence of oxygen. 


EXPERIMENTAL PROCEDURE 


The radiation source was a vertical array of cobalt™ rods at the University 
of Michigan, rated at 10,000 curies’ of activity®. Cobalt™ is a gamma emitter. 
It gives off electromagnetic radiations similar to x-rays, but of shorter wave 
length. The gamma radiation of cobalt® would correspond to x-rays with 
excitation voltages of 1.1 and 1.3 million volts. Materials exposed to Co™ 
radiation do not become radioactive, as is usually the case with pile irradiation. 

The elastomer or plastic compounds were mounted in a position near the 
rods, where the intensity was about 100,000 rep. per hour. The rep., ‘‘Roent- 
gen equivalent physical’’, is that amount of ionizing radiation which, on ab- 
sorption in animal tissue, is accompanied by the gain of 93 ergs per gram of 


* Reprinted from the Rubber World, Vol. 130, No. 5, pages 643-446, August 1954. L. M. Hobbs is 
ciate Professor of Chemical Engineering and Director of Michigan Memorial Phoenix Project 43, 
University of Michigan, Ann Arbor, Michigan 
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photons per sq. cm. A photon" is a discrete portion of energy, a packet of 
electromagnetic waves, the value of which is defined, according to quantum 
theory, as the product of Planck’s constant by frequency. The dose used in this 
work was 18° rep., representing a totalized exposure to the source of 500-1000 
hours. 

The use of such a source provides a simplification of conditions for this type 
of work, compared to exposure to radiations in a pile. In a pile there are com- 
plications of an elevated temperature, possible induced radioactivity in the 
samples, and more heterogeneous radiations. 

The presence of ozone in the cave was noticeable, so the samples were sealed 
in a nitrogen atmosphere to eliminate the possibility of ozone attack. In the 
first run, the samples were sealed under nitrogen in a package of polyethylene 
film. In the second experiment, duplicate samples as well as additional elasto- 
mers were sealed in a desiccator which had been flushed out with nitrogen 
Although the polyethylene sheets employed in the first experiment deteriorated, 
the results for the similar samples in the two experiments were essentially 
identical; therefore it was concluded that oxygen effects had been eliminated in 
both éxperiments. Hence the results given for many of the compounds repre- 
sent the average of measurements of the properties of the samples from the two 
experiments. 

The vulcanized elastomers were prepared as test sheets nominally 0.080 
inch thick. The uncured elastomers were pressed out into sheets about 0.1 
inch thick at 275° F, placed between heavy aluminum foil, and clamped flat at 
room temperature for 24 hours. They were exposed in the aluminum foil. 

Stress-strain tests were made with an Instron tester''; the control test-pieces 
were measured at the same time as the exposed test-pieces in order to eliminate 
normal aging effects. For the vulcanized samples, small dumbbells were used 
the neck was 0.1 inch wide and about 0.75 inch long. Cross-head speed was 
10 inches per minute, and chart speed 20 inches per minute. The raw polymers 
were tested in the form of strips, one inch wide. All of the elastomers used 
were commercial materials. The temperature during irradiation was in range 
from 60-70° F. The testing temperature was 77° F. 


COMPOUND FORMULAS 


The formulas of compounds which were prepared especially for this work are 
listed in Table 1. Additional compounds had been formulated for mechanical 
goods purposes. 

DISCUSSION OF RESULTS 

Results from the stress-strain records are given in Table 2, and some of the 
stress-strain curves are illustrated in Figures 1 to 8. 

It must be realized that the effects of the radiation are complex, and such 
comparisons may be affected by the dose, the dose rate, and the type of radia- 
tion. Charlesby", however, has pointed out that, qualitatively, the effects 
from various types of high energy radiation should be very similar. This 
similarity is due to the fact that only a very small proportion of the molecules 
is affected directly by the primary radiation. The molecules are activated 
principally with relatively small energies available from the degradation of the 
incident high energy radiation by successive interactions with the electrons 
and nuclei’, 


Thus the classification of elastomers as those which are cross-linked by ir- 
radiation and those which are broken down, arrived at by experiments using 
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800-kv. electrons*, is, in general, evident also in this work with a gamma ray 
source. Ryan‘, on the other hand, used gamma rays from the Hanford ‘“‘cool- 
ing off” pit, and found stiffening only. The most probable reason for this 
difference in the results lies in the size of the radiation dose. The gamma flux 
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used by Ryan was 10" photons per sq. cm. per sec. for a period of six months, 
about 10 times the dose used in this. work. 

Charlesby"” recognized three stages in the effect of the dose on polyethylene. 
In the first stage there was slight cross-linking, with little change of properties ; 
in the second stage, cross-linking was extensive, but the properties were still 
similar to ordinary polyethylene at room temperature; in the third stage the 
polyethylene became glass-like, discolored, and brittle. 

It is quite possible, as is indicated by a comparison of the results, that some 
of the elastomers, such as Chemigum-SL and Thiokol, should actually show 
some degradation or softening before the final stage of embrittlement sets in. 
Both the Butyl gum stock and raw Butyl rubber were reduced to a sticky “goo”’ 
by the exposure. This effect is a characteristic of free radical agents on Buty! 
rubber, compared to their cross-linking action with most elastomers. Thus, 
the experiments with Butyl rubber are a striking confirmation that the effects of 
radiation on elastomers are brought about by free-radical mechanisms. 

Charlesby™ recognized the occurrence of surface oxidation of polyethylene 
during exposure to radiation. No evidence of oxidation could be seen in the 
infrared absorption spectrum of the irradiated Buty! rubber. 

The sample of polyethylene listed in Table 2 was not sealed in nitrogen, as 
were the other samples, but was taken from the container bag used in the first 
run. It was commercial film, 0.0015 inch thick. After the exposure, a strong 
band occurred in the infrared spectrum at about 5.44, showing that oxidation 
did contribute to the change of properties which occurred. The 5.84 band is 
characteristic of the carbonyl group in organic compounds, 

A predominately cross-linking character of the radiation induced reactions 
is indicated in most of these tests by an increase of modulus and a decrease of 
ultimate elongation. The tensile strength usually dropped. The most strik- 
ing exception occurred in the case of raw natural rubber, for which beneficial 
cross-linking reactions actually brought about a rudimentary cure. The 
effects were similar with raw GR-S, but were not so pronounced. 

All things considered, natural rubber appeared to withstand this radiation 
dose better than any other of the vulcanized elastomers. Since the free-radical 
character of the changes induced by radiation is well recognized, it is reasonable 
to expect that the type of compounding can affect the results. The curves in 
Figure 8 for two GR-S gum stocks illustrate the superiority of a sulfurless 
Tuads acceleration for stability against the effects of radiation, compared to a 
cure with Altax. This is the same type of advantage which would be expected 
in the heat-aging of the stocks where free-radical mechanisms promote oxidation. 


SUMMARY AND CONCLUSIONS 


A survey has been made of the effects of intense gamma radiation on the 
physical properties of elastomers and plastics. Such information is required to 
determine the types of elastomers which are most resistant to radiation, to 
estimate the service life of elastomers exposed to radiation, and to show favor- 
able trends in compounding for radiation resistance 

Intense radiation may affect the physical properties of elastomers benfici- 
ally or adversely, depending on the type of elastomer and the exposure dose, 
although hardening and embrittlement are most commonly observed. The 
possibility is apparent of developing elastomer compounds with improved 
radiation resistance, especially by the use of chemical agents which affect free- 
radical reactions. The nature of the elastomer, however, will probably severely 
limit what can be accomplished by compounding 
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Unidimensional (uniaxial) deformation by compression is the fundamen- 
tally important type of deformation which rubber undergoes in service. In 
spite of stretching being involved much less frequently, it is, nevertheless, 
widely used as a basis for testing rubber products and for studying their me- 
chanical properties. 

In previous work', the following law was derived, and was verified experi- 
mentally for the unidimensional equilibrium deformation of unloaded vul- 
sanized rubber. 

o = E,(A — 1) = Eye (1) 


where a is the actual stress; HZ, is the equilibrium modulus of high elasticity ; A 
is the deformation in terms of the relative length (L/L»); and € is the deforma- 
tion in terms of the elongation at rupture. Calculations show that Equation 
(1) applies to both stretching and to compression for the same modulus E,, 
which is proportional to the absolute temperature. Theoretically it is appli- 
cable to low and medium elongations, i.e., to the limit of proportionality and to 
all compressions. It was derived for the high elastic state of rubber, where the 
purely elastic component of deformation resulting from changes of the average 
distances between the molecules is negligible. At low temperatures, i.e., in the 
vitreous state, the high-elastic component of deformation becomes negligible, 
and, instead of Equation (1), Hooke’s law becomes valid, with the modulus of 
elasticity Eo three orders greater than E,. 

The purpose of the present work was not a detailed study of the character- 
istics of the unidimensional deformation of rubber at all temperatures and under 
all conditions involved in deformation. Only the high-elastic state of rubber 
at equilibrium, at static, and at partially dynamic states of deformation is con- 
sidered. 

The importance of the theoretical Equation (1), derived for a simple system, 
i.e., unloaded rubber, and for equilibrium conditions of deformation, lies in the 
fact that a similar law of proportionality is also observed in practice with more 
complicated systems and with other conditions of deformation. In this con- 
nection, it is worthy of note that the range of proportionality in the majority 
of cases extends beyond deformations of technical importance. From what 
has been said, it follows that, for rubber in general 


om E-¢ (2) 


where the high-elastic modulus E£ is a characteristic of the material and of the 
deformation conditions, and E, is a constant of the material. The experi- 
mental basis of these statements is furnished below 


* Translated for Rosser Cnuemistry ano Tecuno.oey from Doklady Akademii Nauk SSSR, Vol. 84 
No. 4, pages 689-602 (1952) 
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DEFINTIONS AND SYMBOLS 


Rubber is a material of more complex nature than most solid substances. 
It is distinguished from simple substances not only by the dual nature of its 
elastic properties, but also by its very high degree of relaxation following de- 
formation. The stress before equilibrium is reached is large compared with 
the stress at equilibrium. The stress-relaxation curve is shown in Figure 1. 
The stress falls and soon assumes roughly a linear relation. This may be at- 
tributed to the destructive action of oxidation processes. When the stress 
becomes linear, relaxation of the rubber chains ends. In the absence of 
chemical reactions, the linear portion of the curve would be located parallel to 
the abscissa, i.e., on line DD’, and point D of the ordinate would correspond to 
the constant stress. Actually, point D corresponds to the equilibrium stress 
and the equilibrium modulus E,. The equilibrium stress is represented by the 
same Equation (1). 

By static deformation is meant deformation which reaches a constant value 
in time. The continuously changing stress with time (relaxation curve) leads 
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Fic. 1.-——-Curve of relaxation of stress of unloaded rubber at 30 per cent compression. / is the stress 
ealeulated on the basis of the original cross-section. The absciasa represents the time in hours; the ordinate 
the stress in kg. per eq. em 


ultimately to this state of static deformation. In the absence of chemical 
processes, static deformation represents a state of ultimate equilibrium. 


STATIC DEFORMATION 


The present work establishes the fact that static, and in particular, the uni- 
form stretching of rubber follows Equations (1) and (2). The limit of pro- 
portionality for soft rubbers is 200-300 per cent elongation, whereas, for loaded 
rubbers, it is only 50 per cent. Results obtained for the most part from de- 
formation by compression are given below. Cylindrical specimens of vul- 
canized butadiene-styrene rubber were studied. When the ends of the test- 
specimens were not lubricated, the compressed specimen assumed a barrel-like 
shape. When, however, the ends were lubricated, the ‘‘barrel’’ shape was not 
perceptible, and, up to 50 per cent compression, practically pure compression 
was observed. All the results given refer to pure compression. 

Figure 2 shows curves of uniform static deformation of rubbers. From the 
experiments, it is seen that: (1) static deformation by compression and exten- 
sion follow Equation (2); (2) the relation between the stress f, referred to the 
initial cross-section, and the deformation is nonlinear for rubber with technica! 
accuracy:o¢ = A-f, and (3) the high-elastic modulus of brief static deformation 
is quite different from the modulus of prolonged static deformation. 
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Fig, 2.—Relation between compression and stress. 1. True values. 2. Values for equilibrium deforma 
tion of unloaded rubber. 3. True values for static 5-minute deformation of unleaded rubber. 4 and 5 
True values for 24-hour static deformation of vuleanizates loaded with whiting (32 vol.-per cent) and carbon 
black (22 vol.-per cent). The abscissa represents the percentage compression; the ordinate the stress in 


kg. per sq. em. 


As is seen from Figure 1, the equilibrium modulus of unloaded rubber is 
numerically equal to that of the static modulus. The prolonged static modulus 
corresponds to conditions where there is a supplementary relaxation of the 
chains as a result of chemical processes. The period of relaxation of the chains 
is much shorter than the time of “chemical” relaxation. For this reason the 
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Fig. 3.—Unidimensional deformation. 
uous static deformation for loaded rubber (30 parts by weight of carbon black) ; temperature 70° C 
data in compression range calculated from two-dimensional stretching; b = from experiments on unidi 


mensional compression. 
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better the continuous static deformation conforms to Equation (1), the slower 
are the rates of the chemical processes. 

Equation (1) shows that uniform-load compression and stretching of rubber 
are represented by the same material constant, E,. The practical importance 
of this rests in the fact that the modulus of a rubber product under compression 
can normally be determined more easily by extension testing. Treloar*, using 
data of two-dimensional extension, showed that there is a great divergence 
between the moduli of unidimensional stretching and compression. According 
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Fia. 4.--Deformation by stretching of unloaded rubber (1-4) and rubber loaded with 
30 parts by weight of carbor black (5-8) at various rates 
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to Treloar, the following relation holds true for the compressive stress f and 
the two-dimensional stress t, for a material which follows Wall’s deformation law: 


f=-—t/¥ (3) 


where A is the relative thickness of a two-dimensionally deformed sheet of 
rubber. In view of the fact that rubber conforms to Equation (1), and not to 
Wall’s law, this relation holds true only for small compressions. 

The results of our experiments, which agree with those of N. M. Novikov, 
are presented in Figure 3. 

The curve of uniform load vs. deformation of a pure-gum vulcanizate and 
the curve of prolonged static deformation of a loaded vulcanizate pass through 
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the transition point from compression to extension. A similar result was ob- 
tained for a 10-minute deformation. 

From the data presented, it follows that: (1) Equation (2) fully describes 
the unidimensional static deformation of rubber; (2) the static uniform-load: 
moduli of rubber coincide during compression and extension; (3) Equation 3 
gives a good approximation at compressions less than 30 per cent. 


DYNAMIC DEFORMATION 


Dynamic deformation can be divided into periodic and nonperiodic de- 
formation. An example of the latter is the deformation of rubber at a uniform 
rate of stretching (see Figure 4). With increase of the rate of stretching, the 
proportionality between stress and deformation remains unchanged, but the 
modulus increases. The increase of the dynamic modulus is explained by the 
fact that, with an increase of the rate of deformation, the internal friction in- 
creases. Periodic deformation is a more complicated phenomenon, since the 
rate of deformation decreases intermittently. This means that periodic de- 
formation can not be characterized by a definite value of the high elastic modu- 
lus Z. Consequently, the dynamic modulus of rubber can be determined from 
experimental data, either from the amplitude of deformation’, or from other 
data. Since the mean rate of deformation is a function of the frequency and 
amplitude of vibration, the dynamic modulus must, in turn, depend on the fre- 
quency and amplitude of deformation. However, the smaller the amplitude 
of vibration, the less well defined is the relation between the modulus and the 
frequency. This explains why no frequency relation was observed from 15 to 
100 cycles per second’. This phenomenon is complicated still more if statically 
compressed rubber is subjected to periodic deformation. As has been shown’, 
the dynamic modulus, in distinction from the static, depends on the degree of 
compression of the specimen, although actually to only a slight degree. The 
dynamic deformation of rubber must be analyzed in greater detail. 

Equation (2), like the law of the deformation of rubber, has broad applica- 
tions. The modulus of high-elastic deformation increases with increase of 
loading, with increase of the rate of deformation, and with decrease of the time 
of stressing. The modulus £ is a fundamental constant for technological 
calculations. In complex cases of deformation, calculation of the modulus of 
elasticity of a material necessitates the use of a correction coefficient which 
depends on the shape of the object and on the surface conditions. In tech- 
nological calculations, the shearing modulus can be determined by the equation: 


G = 4E. 
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The kinetic theory of rubberlike elasticity was applied by James and Guth, 
and by Flory to the elongation of swollen rubbers, and predicts that the function 
¥ defined by Equation (1) is independent of both elongation and degree of 
swelling : 


Y = fAc Tv, — 7)" = pRM (1) 


where f is the load required to extend the rubber to an extension ratio A (the 
value of \ referring to the swollen state), Ao the cross-sectional area of the dry 
sample, 7' the absolute temperature, v, the volume fraction of rubber in the 
swollen vulcanizate, p the density of the rubber, R the gas constant, and M, the 
mean molecular weight between junction points. 

Gee’ studied the stress-strain properties of dry and swollen rubber vulcani- 
zates and found that, in general, they differed significantly from these theoreti- 
cal predictions. He found that with dry or lightly swollen rubber the function 
decreased with both elongation and swelling. With highly swollen rubber the 
behavior became more nearly ideal and the value of y tended to a constant, in- 
dependent of elongation, degree of swelling, and the nature of the swelling 
liquid. 

It has been found by Rivlin and Saunders’ that the stress-strain behavior of 
rubber in simple extension, in the region in which the stress-strain curve is re- 
versible, can be described by the equation: 


C1 +0702 = AAT — A*) (2) 


where C,; and C2 are constants. 
For swollen rubbers Equation (2) becomes 


Ci + A"C2 = ASAo 0, }(A — X*)"' = (3) 


where the values of C,; and C2, may still depend on the degree of swelling, and 
> = $Ty. 

Comparison of Equations (1) and (3) suggests that the departures of the 
stress-strain properties of dry and lightly swollen rubbers in simple extension 
from the predictions of the kinetic theory may be associated with the contribu- 
tion of the term involving C2 to the force required to extend the rubber. The 
object of the work described here was to subject this hypothesis to more direct 
examination. Experiments have been carried out in simple extension on both 
dry and swollen rubbers, and the changes in C; and Cz with degree of swelling 
and degree of cross-linking are described and discussed. 


* Reprinted from the Transactions of the Faraday Society, Vol. 49, Part 12, 1495-1505, December 1953 
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DEPARTURES OF ELASTIC BEHAVIOR 
EXPERIMENTAL 


Apparatus.—The rubber samples were parallel-sided strips approximately 
5 em. long, 3 mm. wide, and 1 mm. thick, and were cut from flat sheets of vul- 
canized rubber. Two reference lines A, A’ (Figure 1) approximately 2 cm. 
apart, and equidistant from the ends were marked on the samples. 

Fine black lines, resistant to the swelling liquids used, were obtained by 
drawing on the stretched strip, using a solution of lead acetate in piperidine and 
developing in hydrogen sulfide. Small clamps B, B’ were fastened to the two 
ends of the sample, which was then supported within a vertical glass tube C, 
by one of the clamps, from a hook attached to a stopper in the top of the tube. 
A find nylon thread was fastened to the other clamp and passed through a 
capillary tube in the bottom of the vertical tube. This thread supported a 
scale pan and weights and enabled a dead load to be applied to the rubber 
sample. 








Fie. 1.—Diagram of apparatus 


The glass tube was surrounded by a water jacket through which water was 
continuously circulated from a thermostatically controlled tank. In all the 
experiments described here, the temperature of the water passing through the 
water jacket was 25 + 0.2° C. Compounding details and vulcanizing condi- 
tions for the rubbers used are given in the appendix. 

Procedure.—The width and thickness of the test-samples were first measured 
at several points between the reference lines and the average cross-sectional 
area calculated. The width was measured by means of a travelling microscope, 
and the thickness by a dial gauge graduated in hundredths of a mm. This 
measurement of the cross-sectional area was the least accurate of all the meas- 
urements in these experiments, and it was estimated that its values were accu- 
rate to +2 percent. Much of the difficulty in obtaining very accurate estimates 
of the cross-sectional area was due to the high deformability of rubber; the 
rubber yielded slightly under the cutting tool when the test-samples were 
prepared ; as a result, their cross-sections were slightly wedge-shaped 

The samples were then suspended in the apparatus and weights added to the 
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scale pan and the distance between the reference lines measured by means of a 
cathetometer. The initial distance between the reference lines was found by 
extrapolating the load-distance curve to zero load; the use of small increments 
of load near the origin facilitated the accurate estimate of this distance. The 
extension ratio corresponding to various loads was then calculated, and used to 
determine values of the function @ and of X~'. Values of ¢ are very sensitive to 
changes in \~' at small extensions and to obtain good estimates of C; and C, in 
Equation (3) and (4) it was essential that the length of the sample should be 
measured accurately to at least +} percent. Even with this accuracy, values 
of @ for 0.9 < A“! < 1.0 were unreliable. 

To minimize the effects of hysteresis, which is present in all vulcanized rub- 
bers, the test samples were initially stretched for 15 minutes to the maximum 
extension they were to receive subsequently, and then allowed to recover for a 
similar period before the actual measurements were made. Further, after each 
increment of load 3 minutes were allowed to elapse before the distance between 
the reference marks was measured. In this way hysteresis, measured by the 
difference in strain, between load increasing and load decreasing measurements 
was reduced to about 1 per cent. To reduce the effect still further, all of the 
calculations were made on measurements taken in the load increasing direction. 
The effects of hysteresis were much smaller in swollen rubbers, but for con- 
sistency the experimental procedure was not altered. In all cases the maximum 
extension was about 100 per cent; this ensured that complications due, either 
to the finite extensibility of the rubber molecular chains, or to crystallization 
resulting from stretching were absent. 

After measurements had been made on the dry rubber, the tube C was filled 
with a chosen swelling liquid. When the sample had swollen to the required 
extent, most of the liquid was allowed to drain away through the capillary D by 
slightly raising the stopper; a small quantity of liquid remained trapped in the 
annular trough between the capillary and the surrounding walls of the tube. 
The stopper was then replaced and the sample left for approximately 2 hours 
until it was uniformly swollen. Load-distance curves were obtained in a 
similar way to that described for the dry rubber. Treloar has shown that the 
degree of swelling of vulcanized rubbers varies considerably with the strain, but 
the duration of these experiments was sufficiently short for changes in degree 
of swelling due to this cause to be negligible. Measurements of the volume 
swelling made before and after each strain cycle showed no significant differ- 
ences. At high degrees of swelling care had to be taken in the clamping of the 
samples, since they broke prematurely in the neighborhood of the clamps if 
they were clamped too tightly. 

Initially much longer periods were allowed for the samples to attain uniform 
swelling, but it was found that prolonged standing at high degrees of swelling 
resulted in an appreciable increase in the strain produced by a given stress. A 
subsidiary investigation showed that prolonged swelling resulted in a progressive 
reduction in the value of C, but had little effect on the value of Cy. These 
changes are consistent with a breakdown of the primary network of rubber 
chains, with a consequent increase of the effective value of M,, taking place 
during swelling. It was found that the differences of softening produced by a 
variety of liquids were due to differences of the degree of swelling. Thus, in all 
measurements where high degrees of swelling were used, precautions were 
taken to ensure that the test samples only remained highly swollen for a few 
hours. 





DEPARTURES OF ELASTIC BEHAVIOR 
RESULTS 

Stress-strain properties of dry and swollen natural-rubber vulcanizates 
Load-distance curves were determined as above on both dry and swollen samples 
of a natural-rubber vulcanizate (mix A). The samples were swollen in a 
variety of liquids and measurements were made at a number of swelling ratios 
over as wide a range of swelling as each liquid permitted. Typical sets of results 
obtained with benzene as a swelling agent are shown in Figure 2. Here the 
function ¢ is plotted as the ordinate against \~' as abscissa. The ordinate is 
thus equal to C; + AC». 

It will be seen that, in all cases, there is a good linear relationship between 
@ and d~; the value of the gradient of the lines C, decreasing progressively as 
the swelling ratio is increased until, at high degrees of swelling, the value of C» 
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Fia. 2.—Plot of @ against \~' for natural rubber 1. 3 pendence of Cs on 
vulcanizate swollen in benzene 


is very small. The value of @ approaches a limiting value, at high degrees of 
swelling, which is independent of the degree of swelling and is the same for all 
of the swelling agents used. 

The change in the value of C. with degree of swelling is shown more clearly 
in Figure 3. Here the ordinate C, is plotted against v,. The figure includes 
data obtained on all of the swelling agents used ; it will be seen that the value of 
C’, decreases linearly with decrease in v,, and is independent of the nature of the 
liquid used as the swelling agent. 

The intercept of the straight lines @ against \~ given in Figure 2 on the axis 
\! = 0 ean be identified with C;, and the change in the value of C;, determined 
in this way, with degree of swelling is shown in Figure 4. The results show a 
small but significant increase of C; with increase of swelling. Again the change 
of the value of C; with degree of swelling appears to be independent of the 
nature of the swelling agent used. 
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Via. 4 © benzene carbon tetrachloride; (} petroleum ether (60/80); © decane 


Measurements were also carried out on both dry and swollen samples of a 
range of natural-rubber vulcanizates possessing widely different degrees of vul- 
canization. The compounding details and vulcanizing conditions are given in 
the appendix, and were the same as those used by Rivlin and Saunders’ in an 
earlier investigation. They provide a range of conventionally accelerated sul- 
fur vulcanizates. 

The results obtained on the dry samples are shown in Figure 5. The ex- 
perimental data are plotted as @ against A~', and again show a good linear rela- 
tionship for all of the rubbers used. Further, all of the lines are substantially 
parallel, and since the gradient of these lines is identified with C2, it appears 
that the value of C, is independent of the degree of vulcanization. The values 
of C, and C, obtained from these results are tabulated below. Examination of 
the results in Table | show that C, has a mean value of 1.03 kg cm with a 
standard deviation of 0.02 kg em~? 
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Fie. 5.-—Plot of @ against 4“ for a range 6.—-Dependence of Cionje, 
of natural-rubber vulcanizates 
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TABLE | 


Rubber Cc 


C, kg em™ : .00 1.43 
C.kg cm™ j 1.00 1.03 


An analysis of the results obtained on both dry and swollen samples of this 
range of vulcanizates is shown in Figures 6 and 7. In Figure 6, the values of 
C, obtained for the different rubber vulcanizates at various degrees of swelling 
are plotted against v,. The results again show clearly that there is a significant, 
though small, increase of C, with decrease of v,. There is no systematic rela- 
tionship between this increase of C; with the value of C, for the different vul- 
canizates, and the average increase of C, at v, = 0.5 is 0.13 kg em™ with a 
standard deviation of 0.05 kg cm~*. In view of the difficulty of obtaining ac- 
curate estimates of the values of C; and C2 these results are consistent with the 
increase of the value of C; with swelling being the same for each of the vulcani- 
zates. 

Figure 7 shows the changes of the corresponding values of C2 with v,. The 
full line in this figure is the line given earlier in Figure 3 and corresponds to the 
relation between C. and v, determined on the natural-rubber vulcanizate (mix 
A). It will be seen that, for all of the vulcanizates used, the values on C, show 
the same general dependence on »,. 

This dependence of the value of C2 on the nature of the swelling liquid and 
the degree of vulcanization together with the simple dependence of both C; 
and C2 on the degree of swelling indicate that, once tension stress-strain data 
have been obtained for a dry natural-rubber vulcanizate, the tension stress- 
strain properties of the rubber can be predicted for any degree of swelling. 

All of the results which have been described were obtained on convention- 
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ally accelerated natural-rubber vulcanizates ; a limited number of measurements 
have been carried out on samples vulcanized in different ways. These measure- 
ments have shown that, although the value of C2 is independent, the degree of 
vulcanization is not independent of the method by which the vulcanization is 
achieved. Table 2 gives values of Cz obtained on dry natural-rubber vulcani- 
zates, using three different vulcanizing systems. The compounding ingredients 
and vulcanizing conditions for all of the rubbers used are given in the appendix. 

Stress-strain properties of dry and swollen synthetic rubber vulcanizates.— 
Measurements were also carried out on vulcanizates prepared from a range of 
butadiene + styrene and butadiene + acrylonitrile copolymers. They in- 
cluded samples prepared from copolymers with the following butadiene/styrene 


TABLE 2 
Method of vulcanization C1 
Accelerated sulfur 1.03 
Peroxide 0.75 
Sulfur (no accelerator) 0.85 
ratios: 95/5, 90/10, 85/15, 75/25, 70/30, and one sample with a butadiene/ 
acrylonitrile ratio of 75/25. Compounding ingredients and vulcanizing condi- 
tions for the mixes used are given in the appendix. 

Stress-strain measurements were carried out in an identical way to those 
already described, except that with these vulcanizates it was found necessary to 
allow much longer periods, after each increment of load, before the distance 
between the reference marks was measured. In all cases a period of 40 minutes 
was allowed to elapse before the measurements were made. Values of C; and 
C, derived from stress-strain measurements in simple extension on dry samples 
of these conventionally accelerated sulfur vulcanizates are given in Table 3. 
These results show clearly that the value of C, obtained on these synthetic 


TABLE 3 


~ 


222282: 


Mix 


M Butadiene + styrene 95/5 

N Butadiene + styrene 90/10 
Oo Butadiene + styrene 85/15 
P Butadiene + styrene 75/25 
Q Butadiene + styrene 70/30 
R Butadiene + acrylonitrile 75/25 


rubbers is independent of the nature of the copolymer, and is identical with the 
value of 1.03 previously obtained on accelerated sulfur natural rubber vul- 
canizates. 

Samples prepared from the 70/30 butadiene + styrene copolymer and 
cross-linked with peroxide, and unaccelerated sulfur vulcanizing systems again 
showed lower values of C,. In each case, the value of C, obtained was similar 
to that obtained on natural-rubber samples vulcanized in a similar way. The 
change in the values of C, with degree of swelling for the accelerated sulfur 
vulcanizates is shown in Figure 8. Here the ordinate C2 is plotted against »,. 

The figure includes data of all of the synthetic rubbers obtained at various 
degrees of swelling. The full line in the figure is the relation previously used in 
Figures 3 and 7 to represent the behavior of natural rubber vulcanizates. 
Again, the behavior of the synthetic rubbers is similar to that shown by natural 
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Fig. 8.—Dependence of C2 on oy for synthetic-rubber vulcanizates 


rubber, and it thus appears that both the value of C2 and its dependence on the 
degree of swelling are not sensitive to the presence of bulky side groups or polar 
groups on the molecular chains. 


DISCUSSION 
Interaction constant y.—If the stress-strain properties of a highly swollen vul- 


canizate are identified with the ideal behavior predicted by the kinetic theory, 
then an estimate of the value of M, can be derived using the relation: 


¢ (swollen) = C, (swollen) boRTM > (6) 


Although it has been shown that C, depends slightly on the degree of swelling, 
no serious ambiguity results provided that v, > 0.25. 

An alternative estimate of M, can be derived from measurements of the 
equilibrium degree of swelling, using the Flory-Huggins formula: 


— log (1 — v,) — v, — po,? = pVoM,»,} (7) 


Here Vo is the molar volume of the swelling liquid and yu is an empirical inter- 
action constant characteristic of the rubber and the solvent used. Stress- 
strain measurements described above together with measurements of the 
equilibrium volume swelling made on each of the natural-rubber vulcanizates 
have been used to determine values of uw for the systems natural rubber 4 
benzene and natural rubber + decane. 

The data and results are given in Table 4. The first column of the table 
gives the limiting values of @ at high degrees of swelling (v, } 0.25); where nee- 
essary the values were obtained by extrapolation. The second and third 
columns give the values of the volume fraction v, of rubber in the samples fully 
swollen in benzene and decane respectively. The value of v, was obtained from 
measurements of the linear dimensions of samples before swelling and while 
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they were immersed in the swelling liquids. Measurements were made on the 
swollen samples after 1, 2, and 7 days’ continuous swelling at room temperature 
(about 20° C). With the samples swollen in benzene, there was an initial 
rapid increase of volume during the first day. Subsequently the volume in- 
creased slowly but uniformly with period of swelling. This continuous increase 
in volume was attributed to degradation, and the linear portion of the volume- 
time curves were extrapolated to zero time to obtain values of the true equilib- 
rium volume swelling. With samples swollen in decane, this degradation was 
not appreciable. 

The last two columns of the table give the calculated values of the inter- 
action constant 4 which are required so that estimates of M, obtained from the 


TaBLe 4 
w 
kg om? 
Rubber (swollen) vy (benzene) vr (decane) uw (benzene) wu (decane) 


A 1.31 0.192 0.279 0.42 (7) 0.44 (9) 
B 1.28 0.181 0.270 0.41 (7) 0.45 (1) 
C 1.53 0.202 0.283 0.42 (2) 0.43 (7) 
D 1.96 0.235 0.314 0.42 (5) 0.43 (6) 
E 2.00 0.223 0.318 0.41 (9) 0.43 (7) 
F 2.76 0.257 0.374 0.42 (0) 0.44 (6) 
G 3.17 0.272 0.385 0.42 (1) 0.44 (8) 


limiting values of @ and from the values of », are identical. The mean values of 
the interaction constants uw for the systems natural rubber + benzene‘ and 
natural rubber + decane are 0.42(2) and 0.44(3), respectively; the standard 
deviations of these means are 0.004 and 0.006. 

Measurements were also made of the equilibrium volume swelling of samples 
of the rubber vulcanizate (mix A) in the other swelling liquids used in this in- 
vestigation and Table 5 gives the values of v, and yu for all of these five liquids. 

The results show that the values of @, determined on highly swollen rubbers 
in simple extension, are independent of the extension. These results confirm 
Gee’s earlier observations and support his assumption that the stress-strain 
properties under these conditions are ideal and agree with the predictions of the 


TABLE 5 


Carbon Petroleum o-Dichloro. 
Liquid Benzene Decane tetrachloride ether 60/80 benzene 


vr 0,192 0.279 0.140 0.274 0.165 
mi 0.42(7) 0.44(9) 0.28(0) 0.55 (3) 0.33 (1) 


kinetic theory. Under these conditions C, (swollen) can be identified with 
h}pR7TM;" and the stress-strain data can be used to obtain a value of M,. 

An alternative method of describing the stress-strain properties of rubber 
has been developed by Rivlin’. He has shown that they can be described in 
terms of a stored energy function W which is a function of two strain invariants 
I, and I, defined in terms of the principal extension ratios \;, A2 and A; by the 
formulae 

I, - A? 7 A?” + 3’, and I, = Ar” + Ae . + Az : 


Rivlin and Saunders’ and Rivlin and Gent*®, using rubber vulcanizates with 
a wide range of hardnesses, and carrying out measurements in shear and torsion 
on dry rubbers, found values of OW /dJ, consistent with those predicted by the 
kinetic theory. Here W = 4pRTM—" (1, — 3) and 0W/dl, = }pRTM-". 
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The values of M, were determined from measurements of the equilibrium swollen 
volumes in benzene, and a value of yu of 0.395. 

However, their results in simple extension show that, on dry rubbers, values 
of OW /dl, are considerably larger than values of C,; and even after allowance is 
made for the dependence of C, on v, shown in Figure 4 the values of OW/dJ, are 
about 10 per cent higher than the estimated values of C, (swollen). Thus their 
conclusion is contrary to identification of C; (swollen) with 4oR7M,~'; this is 
believed to arise from their use of the value of u of 0.395 for the system natural 
rubber + benzene instead of the value of 0.42 reported above. While the dis- 
crepancies are of trivial significance quantitatively in view of the crudity of the 
basic theory, it is clearly desirable to adopt a single self-consistent method of 
evaluating parameters. It is believed that the method used here is the best yet 
available. 

The contribution of the term involving C, to the stress required to extend 
rubber vulcanizates can be considered to be an approximate measure of the 
departures from the kinetic theory. The increase in stress required to extend 
a rubber sample due to these departures is given by: 

2(A — A~*)(C, (dry) — C, (swollen) + A~'C2)0,' 

It has been shown that the relative contribution of the term involving C» 
is large in dry rubbers at small extensions, but decreases to zero at high degrees 
of swelling, and that this decrease takes place linearly with decrease in v, and 
is independent of the nature of the swelling agent. The value of this term also 
decreases rapidly with increase of extension. In addition, it has been found 
that, while its magnitude is independent of the degree of vulcanization, small 
but significant differences result from changes of the method of vulcanization. 
(At large extensions there are further departures from theory arising from the 
finite extensibility of the long molecular chains; this gives rise to the character- 
istic upturn of the plot of f/2Ao(A — A~*) against 1/A which oecurs at large 
extensions.) 

The possible sources of the deviations of the equilibrium stress-strain prop- 
erties of dry rubber from the predictions of the kinetic theory have been ground 
for considerable speculation. Plausible qualitative arguments have been de- 
veloped to account for deviations in terms of local molecular alignments’, or 
secondary network structure®. Although many of the results can be explained 
in this way there are serious objections to such processes being a source of the 
major portion of the divergencies’. 

If the sources of these deviations are to be identified with steric hindrances 
and associations between adjacent molecules, then it is to be anticipated that, 
with vulcanizates prepared from synthetic rubbers containing bulky side groups 
or polar groups in the polymer chains, the value of C2 will depend on the nature 
of the polymer. The observed independence of C, on the nature of the polymer 
appears to exclude the possibility that the value of C. is associated primarily 
with the existence of secondary network structures of this type. The inde- 
pendence of the values of C, determined on swollen rubbers on the nature of the 
swelling liquid supports this conclusion. 

Another possible source of the deviations of the equilibrium stress-strain 
properties from the predictions of the kinetic theory lies in the use of Gaussian 
distribution functions to represent both the relative number of configurations 
and displacement lengths of the long molecular chains. Attempts have recently 
been made to refine the simple kinetic theory by the use of non-Gaussian dis- 
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tribution functions”, and taking into account the finite extensibility of the 
rubber molecules. Although the use of a non-Gaussian distribution function 
naturally leads to a stored energy function which involves two strain invariants 
for an incompressible material, the coefficients of the invariants are not inde- 
pendent and at the extensions considered here the sign of the correction is in the 
wrong sense. Thus, the theory will not adequately explain the observed be- 
havior, and comparison of the theoretical predictions and experimental results 
obtained at small and moderate strains show unsatisfactory agreement. It 
thus appears that the explanation of the divergencies described by the term 
involving C2 will have to be sought elsewhere, and the results quoted here 
indicate that it is reasonable to assume that the term involving C2 results from 
a restriction in the number of possible contigurations of the molecular chains. 

The change of C, with volume swelling can then be associated with the 
finite volume of the rubber molecules. This leads to a reduction of the number 
of possible configurations, since two molecules cannot occupy the same space at 
the same time nor can they pass through one another. The reduction of con- 
figurations from this cause would naturally be less in the swollen than in the 
dry state, and in highly swollen rubbers deviations from ideal behavior due to 
this cause will be small. 

The decrease of @ with extension which is shown by dry or lightly swollen 
rubbers will then be due to a decrease in the ratio of the actual and the theoreti- 
cal configurational entropy of the rubber molecules as the extension is increased. 
This decrease in the fraction of the number of theoretically possible configura- 
tions can be associated with the orientation and alignment of molecules impos- 
ing additional constraints of the type considered above. 


COMPOUNDS 


The compounding details of the vulcanizates used in this investigation were 
as follows. 


Accelerated natural rubber + sulfur vulcanizates 


Mix A B Cc D kK F G 

Rubber (smoked sheet) i00 100 100 100 100 100 100 
Sulfur 3 3 3 3 3.25 4 4 
Zine oxide 5 5 5 5 5 5 5 
Stearic acid I 1 ] 1 1 I 1 
Benzothiazoly|-disul fide 05 0.5 0.5 0.75 l 0 
Mercaptobenzothiazoly! 

disulfide 0.5 0.5 0.25 0.3 
Zine dimethyldithiocarbamate 0.1 0.15 
Diphenylguanidine 1.25 l 
Antioxidant l l l I 1 ] I 
Time of vulcanization at 

141.5° C (min.) 45 10 30 20 60 10 12 


Natural rubber + peroxide vulcanizates 


Mix H I J K 
Rubber (smoked sheet) 100 100 100 100 
2-tert.-Buty! perbenzoate 2 - 
2-2'-ditert.-Butylperoxybutane 0.8 1.6 2.4 


Time of vulcanization at 141.5° C (min.) 45 45 45 45 
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Natural rubber + sulfur vulcanizate 


Mix L: rubber (smoked sheet) 100, sulfur 8, time of vulcanization at 150 
C, 180 min. 


Accelerated synthetic rubber + sulfur vulcanizates 
Mix M N Oo 


Polymer type 
Butadiene + styrene 95, 90/10 85/15 75/25 
Butadiene + acrylonitrile 
Rubber 100 100 100 
Sulfur : 2.5 2.25 2 
Zine oxide 5 f 5 
Stearic acid 
Mercaptobenzothiazoly! 

disulfide 1.5 1.5 
Tetramethylthiuram disulfide 0.15 0.15 


Time of vulcanization at 
141° C (min.) f 4! 15 


SUMMARY 


It is shown that the equilibrium stress-strain behavior of highly swollen 
rubber vulcanizates in simple extension agrees with the predictions of the kinetic 
theory. The departures from these predictions which are found in dry or 
lightly swollen rubbers have been investigated, and it is shown that they can be 
described in terms of a single parameter C2. The magnitude of this parameter 
is large in dry rubbers, and decreases to zero at high degrees of swelling; this 
decrease occurs linearly with decrease in the volume fraction of rubber. The 
value of C2 is found to be independent of the nature of the rubber polymer, of 
the degree of vulcanization, and of the nature of the swelling liquid. The 
possible significance of this parameter is discussed in light of these observations. 
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INTRODUCTION 


The elastic behavior of vulcanized natural rubber subjected to moderately 
large strains at room temperature has been found to be adequately described! 
by the theory of large elastic deformations developed by Rivlin’. At larger 
strains, pronounced irreversibility in the stress-strain and birefringence-strain 
relations appears®, and Wood and Roth‘ have shown that an equilibrium value 
of tensile stress at extension ratios from 2.5 to 6 in simple extension is not readily 
attainable. Mooney and Wolstenholme’ have observed pronounced relaxation 
of stress in deformed vulcanized rubbers at low temperatures, in many cases the 
stress becoming zero in comparatively short times. These complicating fea- 
tures of the elastic behavior of rubber have been attributed to the progressive 
alignment of chain segments in a crystalline pattern under the orienting in- 
fluence of the extension. Treloar® has shown the influence of extension in in- 
creasing the rate of crystallization of raw rubber at 0° C by measurements of 
density and birefringence changes. 

Theoretical forms for the time dependence of crystal growth have been de- 
rived by Avrami’ and applied by Allen® to the crystallization of 6.6 Nylon from 
the melt. However, in considering the crystallization of long-chain polymers, 
it is necessary to modify the mathematical treatment to permit an equilibrium 
degree of crystallization other than unity. Some relevant extensions to the 
theory are discussed in the section on “Theoretical Treatment’’. Flory’ has 
considered theoretically the dependence of the equilibrium degree of crystalliza- 
tion on the extension ratio imposed in simple extension and the temperature, 
and has derived a relation for the corresponding tensile stress. This is also 
discussed in the section dealing with ‘“Theoretical Treatment’. 

For unvulecanized and vulcanized natural rubber in the unstrained state, the 
rate of crystallization has been found” to be a maximum at a temperature of 
—26° C. A preliminary experiment also indicated this approximate tempera- 
ture as that at which the maximum rate of crystallization occurred for a vul- 
canizate subjected to simple extension in the range of extension ratio \ from 
1 to 3. The experimental study of the factors operating in the crystallization 
and corresponding stress relaxation of stretched natural-rubber vulcanizates 
which is described below was, therefore, carried out entirely at this temperature. 

In the section on “Crystallization in Stretched Vulcanizates”, the time 
functions governing the crystallization process at various extensions are ex- 
amined, and in the section on “‘Stress Relaxation in Stretched Vulcanizates’’, 
the effect of the progress of crystallization on the stress in stretched vulcanizates 
is described. The effect of degree of cross-linking, the use of sulfur as a vul- 
eanizing agent, and the molecular weight of the rubber prior to vulcanization 
on the rate of crystallization is discussed in the remainder of the paper. 


* Reprinted from the Transactions of the Faraday Society, Vol. 50, Part 5, pages 521-533, May 1954 
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CRYSTALLIZATION AND RELAXATION 


THEORETICAL TREATMENT 


The crystallization process.—-Avrami’ has derived a relation for the degree of 
crystallization C after a time t, assuming the process to consist of the growth of 
crystals at a constant rate from randomly distributed nuclei, and Evans" has 
obtained a similar result for processes analogous to this. When the crystal 
nuclei are assumed to be present initially, no further nuclei being formed during 
crystallization, the analysis is somewhat simplified. It consists essentially of 
evaluating the fractional volume C occupied by randomly positioned volume 
elements, which are not mutually exclusive, of size V; and number per ce. o1 
density k. For sufficiently large values of k, the relation takes the form: 


C = 1 — exp (— kV;) (2.1) 


where k is the average density of crystal nuclei, and V, is the volume a crystal 
would occupy after a time ¢t in the absence of mutual interference. 

In considering the crystallization of long-chain polymers, it is necessary to 
make provision for the fitting of interconnecting chain segments between meet- 
ing crystals. This may be effected by associating with each crystal a volume 
V, of amorphous material, where V, will be in general a function of the crystal 
size. The growing unit with volume V; will now consist of the crystal volume 
together with its associated amorphous region V,. If V, is assumed to be a 
constant fraction 1 — A of the total volume V,, the degree of crystallization 
is given by: 

C = A[l — exp(— kV,) ] (2.2) 


The experimental measurements described later follow, to a first approximation, 
relations of the general form of Equation (2.2), and to this extent the assumed 
constancy of A may be considered substantiated. It may be noted, however, 
that if the growing units with volume V, consist of spherulitic clusters of many 
small crystals, the constancy of A, the fractional crystalline volume within the 
growing spherulite, is not unreasonable. 

When cross-links or other irregular chemical groupings are present, both the 
rate and final extent of crystallization are known to be reduced. These effects 
may be attributed to a banned volume mechanism. First, a volume V,; around 
each cross-link may be considered prohibited to nuclei. The number of nuclei 
will then be given by: 

kn = ko exp (— nV) 2.3) 


where n is the average density of cross-links. Second, a volume V2 around each 
cross-link may be considered prohibited to crystallization, where V» is presum- 
ably smaller than V;. The degree of crystallization will then be given by the 
following function of n, from an extension of the probability considerations 
leading to Equation (2.1): 


C, = Aexp (— nV2)[1 — exp (— k,V;) ] 2.4) 


where k, is given by Equation (2.3). 

The dependence of the equilibrium degree of crystallization on the density of 
cross-linking is obtained by putting V, equal to infinity in Equation (2.4), 
yielding: 

Cue = Aexp (— nV2), (2.5) 


where the suffix e denotes an equilibrium value. 
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A mathematical form for V; has been obtained by Avrami' assuming spheri- 
cal crystal growth such that the radius increases at a uniform rate r: 


; 4 ; 
J t 3 rr (2.6) 


or, assuming growth to occur uniaxially, so that aciform crystals result: 
V, = Brt (2.7) 


where r is the rate of growth of the crystal length and B is the effective cross- 
sectional area. On substituting the values for V; given in Equation (2.6) and 
(2.7) into (2.4), the time functions governing the growth of crystals are seen to 
be of the form 

C/C. = 1 — exp (— af’) (2.8) 


where 6 takes the value three for a spherical, and presumably for a quasi- 
spherical, crystal habit and the value unity for aciform crystal growth. The 
corresponding times at which the degree of crystallization is half the equilibrium 
value are given by: 


] l l 4 
log ty = 3” V,; — logr + 7 log log 2 — 3 log at ho (2.9) 


and 
log ty = nV, log r + log log 2 — log Bko (2.10) 
respectively. 
The relaxation of stress.—F¥ lory® has calculated the free-energy function for 
a stretched, partially crystalline polymer with reference to the perfectly or- 
dered, totally crystalline state on the following assumptions: 


(1) erystals are assumed to grow in the direction of the extension; 

(2) the polymer is considered to obey the simple kinetic theory of rubber- 
like elasticity in the amorphous state ; 

(3) crystallization is assumed to occur in the thermodynamically most 
favorable manner. 


From the free-energy function F, Flory obtains the retractive force S in 
terms of the degree of crystallization C in the form: 


pRT 


S, = (OF /OX), = 
ety M,(1 — C.) 


C(A — 1/A*) — (6m/r)!C,) (2.11) 
where the suffix e denotes an equilibrium condition for the degree of crystalliza- 
tion. p is the density of the polymer and M,, is the average molecular weight 
between cross-links. A is the extension ratio imposed, R the gas constant and 
T the absolute temperature. The number of rigid freely-jointed segments 
between cross-links is denoted by m. 

From the simple kinetic theory of rubberlike elasticity, the stress So before 
crystallization commences is given by: 


So = (A — 1/A*)pRT/M, (2.12) 


and Equation (2.11) can be arranged to give the equilibrium degree of crystal- 
lization in terms of the initial and equilibrium stresses in the form: 
rie So — S 


* So(6m/n)ta — 1/4" — S, (2.13) 





CRYSTALLIZATION AND RELAXATION 39 


An equivalent relation to this has been given by Goppel”. Except at high 
values of extension ratio and high degrees of cross-linking, the first term in the 
denominator is many times larger than the second, and to a first approximation 
the equilibrium degree of crystallization is given by 


C. = (So — S.)(A — 1/A?) (x /6m)'So™ (2.14) 


In the experiments described below, the degree of crystallization C after a 
time ¢ was found to be proportional to the reduction in stress So — S after a 
time ¢ throughout the crystallization process, to a first approximation. The 
proportionality constant is, then, presumably given by the terms multiplying 
So — S, on the right-hand side of Equation (2.14) and the degree of crystalliza- 
tion necessary to reduce the stress to zero is given by: 


Cro = (AX — 1/d*) (wr /6m)! (2.15) 


EXPERIMENTAL 


In order to study the relaxation of stress in extended vulcanizates, test- 
pieces were prepared by a molding process in the form of rods of rectangula: 
cross-section over a central region 10 cm. long, and having large square ends of 
similar thickness, by means of which they could be held in clamps. The 
rectangular cross-section had sides of length 4 mm. and 5 mm. 

The test-pieces were mounted in a vertical position between two metal 
clamps, the lower one of which was fixed to a rigid framework, while the uppe: 
clamp rested on two of a series of fixed metal pins so placed that the test-piece 
was extended by various amounts in the range of extension ratio, | to 5. This 
part of the apparatus was placed in a refrigerated chamber, and light Tufnol 
rods fixed to the upper clamps passed through small holes in the refrigerator 
cover. The upper ends of the rods could be connected in turn to a steel spring, 
which carried a dial gauge registering its deflection. The steel spring was pre- 
viously calibrated by loading with weights. On raising the top of the spring 
by a screw arrangement, the movement of the upper clamp of the test-piece 
clear of its supporting pins was detected by the resulting break in an electric 
circuit containing a signal lamp, and the spring deflection at that instant pro- 
vided a measure of the tension in the test-piece. Measurements were made of 
the tensile stress at intervals of time after placing the test-pieces in the stretched 
state in the refrigerated chamber. 

In a preliminary experiment, the tension was found to decrease during the 
first few minutes, reaching a constant value after about 5 minutes. The reduc- 
tion from the corresponding tension at room temperature was of the order pre- 
dicted by the kinetic theory of rubberlike elasticity for the change in tempera- 
ture involved. The attainment of this constant tension was, therefore, taken 
as an indication that thermal equilibrium had been established, and subsequent 
experimental measurements were begun after the test-piece had been placed 
in the refrigerator for 10 minutes. 

In all cases the tensile stress was then observed to relax at various rates 
until an equilibrium value was reached, in many cases indistinguishable from 
zero. In some cases the test-piece then extended, the additional extension 
being up to 5 per cent of the unstretched length. A similar effect has been re- 
ported by Smith and Saylor" for unvuleanized rubber held in simple extension, 
and by Mooney and Wolstenholme® for vulcanized rubbers under torsional 
strain. The force required to extend the test-piece by a small additional 
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amount increased by a factor of up to 20 times that required to extend the 
test-piece by the same amount before the stress relaxation occurred. Initially 
translucent vulecanizates became opaque. A considerable degree of crystalliza- 
tion was therefore evident. 

In order to study the progress of crystallization under similar conditions, a 
hydrostatic weighing technique, similar to that of Gee, Stern and Treloar', 
was adopted to determine the corresponding changes in density. The test- 
pieces used consisted of rings cut from vulcanized sheets prepared by a molding 
process. Four rings having a total volume of about 11 cc. were placed together 
on 4 rectangular metal frame of such dimensions that the rings were extended 
by 0, 50, 100, or 200 per cent calculated on their mean diameter. The frames 
carrying the rings were then immersed in a tank of ethy] alcohol in a refrigerated 
chamber. 

The absorption of small quantities of ethyl alcohol may affect the apparent 
change of density of the rubber either by altering the basic crystallization proc- 
ess or by altering the volume of the rubber as an equilibrium state of swelling is 
achieved. The effect of small quantities (less than 10 per cent) of swelling 
material on the rate of stress relaxation has been studied, and no significant 
alteration in the time process occurred. It appears, therefore, that the course 
of crystallization is unaffected by smal! degrees of swelling, within the accuracy 
of the experimental measurements. Also, suitable slowly crystallizing vul- 
canizates at low extensions showed no change in volume over long periods of 
time, and therefore any absorption of the ethy! alcohol that may have occurred 
was either complete before the experimental measurements were begun, or was 
of such a character that the hydrostatic weighing technique gave the change of 
volume of the rubber due to crystallization alone. 


CRYSTALLIZATION IN STRETCHED VULCANIZATES 


In Figure | the change of volume with time at — 26° C is portrayed for a 
vulcanizate prepared using the mix formulation and vulcanization conditions 
given in Appendix A, at extension ratios of land 3. The fitted curves of Figure 
| are of the form given in Equation (2.8) as applicable to crystallization proc- 
esses, with the numerical parameters chosen to give the best agreement with the 
experimental points. The time indexes in the exponent so chosen are those 
which would arise from spherical crystal growth at a constant radial rate in 
the unstrained state, and uniaxial crystal growth at a constant linear rate at an 
extension ratio of 3. 

Significant departures from the idealized curves are shown in the late: 
stages, the progress of crystallization being more protracted than the curves 
suggest. Similar departures were noted in the crystallization of 6.6 Nylon 
after melting at high temperatures by Allen® who also inferred that the apparent 
attainment of a constant level of crystallinity did not indicate a true equilib- 
rium, but that slow further crystallization occurred. A progressive increase of 
the change of volume, such that no true equilibrium was reached during the 
course of observations, was noticed at all extensions, and is clearly shown in 
Figure 2, where the experimental points for volume change at four degrees of 
extension including those of Figure | are plotted against a logarithmic time 
scale. 

The departures of the experimentally observed crystallization processes 
from curves of the form: 


C/C, = 1 — exp (— af’) 
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are such as to make conclusions as to the crystal growth laws necessarily tenta- 
tive. However, in a first approximation, the continuous transition from 
spherical to aciform crystal growth as the extension ratio is increased accounts 
for the general character of the observations, and further evidence for one- 
dimensional crystal growth at high extensions is afforded by the phenomenon 
of subsequent extension after the stress has relaxed completely 
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Fie, 2 Experimental relations between decrease of volume, decrease of stress and time at 
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STRESS RELAXATION IN STRETCHED VULCANIZATES 


Test-pieces prepared from the mix formulation and vulcanization conditions 
given in appendix A were examined as described in the ‘‘Experimental”’ section. 
The course of stress relaxation at four extensions is shown in Figure 3, where the 
larger extensions are seen to hasten the onset of stress relaxation. For all the 
test-pieces, complete relaxation of stress followed by subsequent further ex- 
tension was observed. 

There is a general similarity between the time function governing the relax- 
ation of stress and that governing the progress of volume change, and a suitable 
scaling of the stress axis was found to bring the two properties into coincidence. 
This is shown in Figure 2, where the experimental measurements of the reduc- 
tion of stress have been multiplied by a constant factor at each extension, chosen 
to give the best agreement with the decrease of volume measurements. A 
similar comparison is made in Figure 4 for a vulcanizate of a different nature, 
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3.——Experimental relations between stress and time at 26° C for vuleanizates A 
at four extension ratios: A = 3.0, ©; 2.5, +; 2.0, @; 1.5, 2 


the formulation and vulcanization conditions for which are given n Appendix 
B. The times at which complete relaxation of stress occurred in the course of 
volume change observations have been indicated in Figures 2 and 4 by vertical 
arrows. ‘The factors relating the reduction of stress to the decrease of volume 
are given in Table 1 below, together with the values of the stress when no 
crystallization had occurred, obtained by extrapolation. The average molec- 
ular weight between cross-links M, may be obtained from the initial stress 
from Equation (2.12) and, hence, the number of isoprene units per chain may 
be caleulated. The number of rigid freely-joined segments between cross- 
links m is related to the number of isoprene units per chain by a factor evaluated 
by Treloar'® as 1.4. Values of m so obtained are also listed in Table 1, together 
with the degree of crystallization necessary to reduce the stress to zero at each 
extension ratio, calculated from Equation (2.15), using the mean value of m for 
each vulcanizate 

Experimentally the degree of crystallization has been determined as a 
change of volume by a hydrostatic weighing technique; Goppel and Arlman'® 
from a comparison of results obtained from x-ray scattering and volume 
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changes under similar conditions confirmed a direct proportionality such that | 
per cent decrease in volume occurred for 11.7 per cent crystallinity. This 
factor has been used in Table | to convert the experimental measurements of 
the volume change accompanying complete relaxation of stress into the corre 
sponding degree of crystallization values. For the highest extension ratios 
fairly good agreement is found between the degree of crystallization predicted 
by Equation (2.15) as necessary to reduce the stress to zero and that determined 
experimentally. This is in accord with aciform crystal growth, since one as 
sumption of the theory leading to Equation (2.15) is that the crystals grow in 
the direction of the extension. For the lower extension ratios, a considerably 
greater degree of crystallization is necessary to reduce the stress to zero than is 
predicted by Flory’s theory—and this might be anticipated for erystal growth 
which is other than aciform. 

In Figure 5 the time at which the stress is reduced to one-half its original 
value and the time at which half the quasi-equilibrium degree of crystallization 
is attained have been plotted on a logarithmic scale against the extension ratio 


TABLE | 
Vuleanizate A ilcanizate B 

d 2.5 2.0 § ‘ 2.5 2.0 
So (kg./ per sq. cm.) 6.52 5.00 mid 5 8.875 7.03 
m (from Equation 

(2.12)) 153 150 y 2 ‘ 106.5 
Value of m used 152 
Reduction of stress (kg 
sq. em.) for 1% vol 
change pA! 5.0 
- AV/V),.0 : 1.0 1.04 1.65 
=o (from (—AV/V), 20) 5i 0.117 0.122 0.193 
a~o (from Equation 
2.15)) 0.138 0.103 0.062 0.200 0.162 


( 
(" 
C 
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A for a lightly vuleanized rubber (A) and a well vulcanized one (B). An ap- 
proximately linear relation was obtained in both cases. The imposition of a 
given simp'e extension increases the rate of crystallization for the well-vul- 
canized rubber by a greater factor than for the lightly vulcanized rubber, and 
this might plausibly be ascribed to the greater orientation of chain segments 
which occurs with the former. 

For vulcanizate A, the relaxation of stress is complete in some cases at an 
early stage in the crystallization process, and the half-life of stress relaxation is 
seen to be an underestimate of half-life of crystallization. However, an ap- 
proximate estimate of the half-life of the crystallization process in the unstrained 
state can be obtained by extrapolation from measurements of the half-life of 
stress relaxation at various values of extension ratio. 

A series of measurements were carried out on vulcanizates prepared from the 
mix formulation and vulcanization conditions given in Appendix B, at exten- 
sion ratios higher than those hitherto used, in the range 3 to 5. The stretched 


| 
2 


me co se ~ 
Half-life (min) at -26°C 


Fic. 5.--Experimental relations between extension ratio and half-lives of stress relaxation. Stress relaxa 
tion measurements after prior heating (vuleanizates B) @: volume change measurements + 


samples were first heated for some 10 minutes at 100° C by immersing them in 
boiling water, after which they were rapidly transferred to the refrigerated 
chamber. If the preliminary heating in the stretched state was omitted, the 
stress relaxation observed was found to be extremely diffuse in time, and in- 
capable of representation by a function of the form: 1 — exp (— at). This 
anomalous behavior is probably due to the presence of some degree of crystal- 
lization after stretching the samples at room temperature to extension ratios in 
the range here considered. Subsequently, at —26° C, a complex process in- 
volving melting and recrystallization therefore occurs. However, the thawing 
process described gave results which, in accord with the general picture of 
crystal growth developed in the section on “Crystallization in Stretched Vul- 
canizates’’, showed a simple exponential time dependence of stress to a first 
approximation. 

In Figure 5 the observed half-life for stress relaxation is plotted on a log- 
arithmic scale against the extension ratio imposed. It has already been ob- 
served that an approximately linear relation is obtained for extension ratios in 
the range 1 to 3, and it appears again that a linear relation holds to a first ap- 
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proximation over the range of extension ratios here considered, with a change 
in slope of the line relating half-life of stress relaxation to the extension ratio 
imposed at an extension ratio of about 3 for vulcanizate B. However, as the 
extension ratio imposed increases from 1 to 3 a part of the change in half-life 
may originate in the continuous change from polyhedral to aciform crystal 
growth and the corresponding change in form of the time function governing 
the crystallization process. This factor would, of course, disappear when only 
aciform crystal growth is possible, at extension ratios exceeding about 3. 

At extension ratios of about 3, considerable retardation of the stress relaxa- 
tion is shown by the heated samples. This effect is discussed in the section on 
the “Effect of Prior Heating on the Relaxation of Stress’’, where analogous be- 
havior is considered. 


EFFECT OF DEGREE OF CROSS-LIN KING 


Vulcanizates were prepared according to the mix formulations and vul 
canization conditions given in Appendix ©, and the course of stress relaxation 
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followed at various values of extension ratio in the range 1.5 to 3, using the 
experimental method given in the ‘Experimental’ section. From measure 
ments of the half-life of stress relaxation at various values of extension ratio 
an approximate estimate of the half-life of the crystallization process in the un 
strained state can be obtained by extrapolation, as described in the section on 
“Stress Relaxation in Stretched Vulcanizates’’. Also from the initial stress 
the average molecular weight between cross-links may be calculated from 
quation (2.12). 

In Figure 6, the observed half-life of stress relaxation at an extension ratio 
of 2 is plotted against the initial stress at this extension and the average molec 
ular weight between cross-links calculated from it. The experimental values 
for the vulcanizates C considered here, on which the full line is based, are rep 
resented by filled-in circles. The broken line in Figure 6 was obtained by the 
extrapolation described for the dependence of the half-life of the crystallization 
process on the degree of cross-linking in the unstrained state. The values given 
by Russell'* for similar vuleanizates are in fair agreement, and the half-life 
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given for unvuleanized rubber by Wood and Bekkedahl'’, denoted in Figure 6 
by an open circle on the abscissa, is seen to agree well with the estimated rela- 
tion 

The linear relation obtained in the unstrained state is in accord with the pre- 
diction of Equation (2.9), if the rate of growth of the crystal dimensions r is 
assumed to be unaffected by the presence of cross-links. Spherical crystal 
growth is assumed, as indicated by the experimental results of the section on 
“Crystallization in Stretched Vulcanizates’’ for the unstrained state. From 
the slope of the linear relation obtained between log t; and 1/M,, i.e., 3.3 
10-” n, an estimate of V;, the volume round each of n cross-links prohibited to 
nucleation, may be made 

The value so found is 

V; ; 10~” em? 


If the excluded volume is considered spherical, the radius is found to be some 
10 isoprene units in length, taking the isoprene unit as 4 A. The excluded 
volume may be considered as a measure of the critical size of the crystal 
nucleus below which it is unstable, since a potential nucleus having its cente: 
within an appropriate distance of a cross-link will be unable to attain the critical 
81Ze 

The dependence of the equilibrium degree of crystallization on the degree of 
cross-linking was not determined in sufficient detail in the course of the experi- 
ments described for an estimate of the volume V2 around a cross-link prohibited 
to crystal formation to be obtained. However, Russell'* has found an approxi- 
mately linear fall in the final volume change with increase of degree of cross- 
linking for simiiar vulcanizates to those used in the experiments described above, 
and if this linear relationship is assumed to be that predicted by Equation 
(2.5) for small amounts of cross-linking, an estimate of the volume V» per cross- 
link prohibited to crystallization may be made. The value so obtained is 
Vo = 4.2 & 10°*' ec., having an effective radius, if the banned volume is con- 
sidered spherical, of some 2.5 isoprene units 


KFFECT OF VULCANIZATION WITH SULFUR ON THE RATE 
OF CRYSTALLIZATION 


It was observed that vulcanizates produced by cross-linking with sulfur 
showed retarded stress relaxation in many cases compared with vulcanizates 
obtained by cross-linking with peroxide vulcanizing agents, at corresponding 
values of initial stress, i.e., at approximately equivalent degrees of cross-linking 
This is shown in Figure 6, where the experimental measurements of the half-life 
of stress relaxation for sulfur vulcanizates (Appendix D) at an extension ratio 
of 2 are denoted by crosses. In some cases, the points are seen to fall far to the 
right of the full line. This is in accord with the suggestions of Bloomfield'® and 
Russell'* that sulfur combined in forms other than cross-links is effective in re- 
tarding crystallization, presumably by the mechanism proposed in the section on 
“Theoretical Treatment” for the action of cross-links, by inhibiting nucleation. 

Furthermore, for vulcanizates prepared from the mix formulation given in 
Appendix D, as the vulcanization time increased from 20 to 80 minutes, the 
half-life for stress relaxation at an extension ratio of 2 increased considerably 
from 2.3 & 10° to 2.0 K 10* minutes, although both the initial stress, 7 kg. 
sq. em., and the amount of sulfur combined, 1.9 per cent, did not change sig- 
nificantly. A possible explanation is that extended vulcanization results in a 
transfer of sulfur from cross-links to this other form of combination, without 
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appreciably reducing the number of cross-links, by a decrease in the number of 
sulfur atoms per cross-link. 


EFFECT OF MOLECULAR WEIGHT PRIOR TO VULCANIZATION 
ON THE RELAXATION OF STRESS 


Test-pieces were prepared from the mix formulation given in Appendix E by 
vulcanizing before and after severe mastication of the unvulcanized compound 
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Kia. 7.—Experimental relations between stress and time for vulcanizates E at 26° C, for two levels 


of molecular weight prior to vulcanization, and varied preheating conditions. Unheated preheated 
@; preheated then rested at room temperature, Z 


onan open mill. This procedure has been shown to reduce the mean molecular 
weight of the rubber by mechanical rupture of the chains, the free ends then 
stabilizing themselves by combination with atmospheric oxygen. On examin 
ing the course of stress relaxation at an extension ratio of 2 ( Figure 7), the stress 
in the sample prepared from the higher molecular-weight material, initially 
higher, relaxed more quickly than that of the low molecular-weight vulcanizate 
This effect is explicable qualitatively, since it is plausible that chain ends 
possibly bulky and of irregular composition, should act as hindrances to 
crystallization. In this connection it may be of interest that oxidatively de 
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polymerized rubber having a very low molecular weight did not exhibit recog- 
nizable crystallinity after several days at —26° C. 


EFFECT OF PRIOR HEATING ON THE RELAXATION OF STRESS 


Test-pieces similar to those described in the section on the “Effect of 
Molecular Weight Prior to Vulcanization on the Relaxation of Stress’’ were 
heated for 2 hours at 90° C in an oven and immediately transferred to the 
refrigerated chamber. The course of stress relaxation was then determined at 
an extension ratio of 2. In both cases the initial stress was considerably re- 
duced and the stress relaxation retarded (Figure 7, filled-in circles). Thermal 
degradation of the vulcanizate under these conditions is unlikely; it was indeed 
for this reason that the mix formulation was chosen. However, a further pair 
of similar test-pieces was taken, heated for 2 hours at 90° C and then left at 
room temperature for some 24 hours before placing in the refrigerated chamber. 
The course of stress relaxation was again followed at an extension ratio of 2. 

The behavior of these test-pieces was substantially the same as that of the 
original ones (Figure 7, triangles), indicating that any degradation that may 
have occurred was of minor importance. It seems likely, therefore, that some 
of the crystal nuclei were present in the original vulcanizates at room tempera- 
ture, being destroyed by the heating period and the relaxation of stress being 
thereby retarded. The higher initial stress for the unheated samples might also 
be ascribed to the presence of these nuclei, if they are assumed to be capable of 
acting as cross-links. 

The magnitude of the effect of the initial molecular weight of the compound 
and of heating immediately prior to testing is shown in Figure 6, where the 
experimental measurements of initial stress and stress half-life at an extension 
ratio of 2 described in this section and in the previous section are plotted as 
triangles, connected by a dotted line. 


GENERAL CONCLUSIONS 


The experimental results described above are seen to substantiate broadl 
the basic assumptions of the proposed pattern for crystal growth. Departures 
from the theoretical time functions have been observed, which serve to under- 
line the naive character of the assumptions made in the theoretical analysis 
but a continuous transition from polyhedral to aciform crystal growth on sub 
jecting vulcanized rubber to simple extension has been shown to account, at 
least to a first approximation for the volume-change against time relations ob- 
served. The large slow further crystallization may arise from local melting 
and recrystallization in order to reduce to a minimum the amorphous zones 
which permit the fitting of randomly positioned interconnecting chain segments 
between meeting crystals. Such a process would necessarily be protracted. 

The simplifying assumption that the crystal nuclei are all present at the 
beginning of the crystallization process, no appreciable additional ones being 
formed as crystallization proceeds, has not been severely tested by the experi- 
ments. The regular formation of active nuclei at a constant rate comparable 
to the rate of crystal growth would lead to other time functions for crystalliza- 
tion as Avrami has shown, but intermediate cases wculd be masked by the 
other departures from the theoretical curves. However, the effect of heating a 
vulcanizate prior to stretching, and of heating a stretched sample immediately 
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before placing it at —26° C, in retarding the crystallization process, is strongly 
suggestive of the presence of crystal nuclei not merely immediately after the 
beginning of the process, but, to some extent, at room temperature. A similar 
concept to this has been proposed by Gee*’, in the course of an experimental 
study of the elastic behavior of dry and swollen vulcanized rubbers, as a possible 
explanation of differences both in the theoretical and experimental estimates of 
the entropy of swelling and the dry and swollen elastic behavior. The effect of 
prior heating on the rate of relaxation of stress is small in comparison with the 
effect of the other variables considered. However, the equilibrium initial stress 
is seen to be markedly affected, in accord with similar observations of Wood and 
Roth‘. 

The relaxation of stress that accompanies the progress of crystallization in 
stretched vulcanizates has been shown in certain cases to be approximately 
proportional to the decrease of volume throughout the process, and apparently 
provides a simple means for studying the phenomenon of crystallization in 
cross-linked polymers. 

Where the time function governing the progress of crystallization indicates 
aciform crystal growth, approximate agreement has been found between the 
experimentally observed proportionality between the degree of crystallization 
and the amount of stress relaxed and that derived from the theory of Flory 
The extent of this agreement in view of the known discrepancies involved in the 
application of the simple kinetic theory of rubberlike elasticity may be con 
sidered satisfactory. 

The suggested mechanism for the action of cross-links in depressing the rate 
of erystallization, by prohibiting nucleation within surrounding volumes, ap- 
pears to account satisfactorily for the experimental observations, again to a 
first approximation. Moreover, the value obtained for the elementary volume 
per cross-link prohibited to nucleus formation, 2.4 * 107" ce. does not appear 
unreasonable on intuitive grounds. It seems plausible to ascribe the retarding 
effect of irregular chemical groups, for example, those associated with the com 
bination of sulfur not in the form of cross-links and those which presumably 
occur at free chain-ends, to a similar mechanism, and corresponding values for 
the relevant banned volumes might be similarly determinable by experiment 


SUMMARY 


I;xperiments are described in which the decrease of volume and simultane- 
ous relaxation of stress in crystallizing extended samples of vulcanized natural 
rubber were followed with time at a temperature of —26° C. The theoretical 
treatment of Avrami’ is extended and shown to predict to a first approximation 
the time functions governing crystal growth in stretched vuleanizates A con 
tinuous transition from polyhedral to aciform crystal growth on increasing the 
extension is indicated The relaxation of stress is found to be approximately 
proportional to the degree of crystallization throughout the process, the facto: 
relating them being given by the theory of Flory’ at high extensions, that is, for 
aciform crystal growth. The retarding influence of vulcanization is attributed 
to a banned volume mechanism, whereby an element of volume around each 
cross-link is prohibited to nucleation, and an approximate value for the banned 


volume has been obtained. The influence of irregular chemical groups and 
prior heating on the rate of crystallization is also discussed 
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APPENDIX 
PREPARATION OF THE VULCANIZATES 


A. The mix employed had the following composition in parts by weight: 
natural rubber (smoked sheet) 100 lert.-butyl perbenzoate 1.5. Vulcanization 
was effected by heating for 60 min. at 140° C. 

B. The mix employed had the following composition in parts by weight: 
natural rubber (smoked sheet) 100, zinc oxide 5, stearic acid 2, N-cyclohexy]-2- 
benzthiazole sulfenamide 0.6, sulfur 2.5. Vulcanization was effected by heating 
for 40 min. at 140° C. 

C. The mixes employed had the compositions in parts by weight given in 
the following table. The conditions whereby vulcanization was effected are 
also given. 


Natural rubber (smoked 100 100 100 100 100 100 100 
sheet) 

2:2-di-(tert.-butyl peroxy) 0.5 J ] f 1.5 2 2.5 
butane 

Vulcanization time (min. at 60 30 60 10 60 60 60 
140° C) 


D. The mix employed was that given in B above. Vulcanization was 
effected by heating for 10, 15, 20, 40, and 80 min. at 140° C. 

Kk. The mix employed had the following composition in parts by weight: 
natural rubber (smoked sheet) 100, zine oxide 5, stearic acid 1, tetramethyl- 
thiuram disulfide 1.5. Vuleanization was effected by heating for 45 min. at 
140° C, 
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CRYSTALLIZATION IN BUTADIENE-STYRENE 
COPOLYMERS * 


LAWRENCE A. Woop 


Russer Section, Nationa, Bureau or STanvARDs, Wasuinaton, D. C 
INTRODUCTION 


Until about 1948 it was quite doubtful whether or not any crystallization 
effects could be observed in butadiene polymers and copolymers. Since then, 
conclusive evidence has been obtained by different methods in several labora- 
tories’ that crystallinity can be obtained under favorable conditions in such 
polymers if prepared at low temperatures. The present paper aims to utilize 
published experimental data from several sources to outline more clearly the 
structural considerations and the conditions of observation under which crystal- 
lization can be expected to be observed. 

Beu, Reynolds, Fryling, and MeMurry’ produced crystals in polybutadiene 
prepared at low temperatures and, by x-ray studies, showed them to have an 
identity period of 5.1 A, corresponding to the trans-1,4-configuration. This 
work confirmed earlier surmises* that the crystals observed are those of the 
material in the trans-1,4-configuration contained in a mixture with the cis-1,4- 
configuration and the 1,2-configuration. It will be evident from observations 
to be discussed later that none of the butadiene polymers which have thus far 
been prepared and investigated contain the cis-1,4-configuration as the major 
constituent. Consequently, it is not surprising that crystals corresponding to 
the cis-1,4-configuration have never been observed. 


CHARACTERISTICS OF CRYSTALLIZATION 


Crystallization in polymers is conveniently studied by following volume 
changes in liquid-filled dilatometers®. In unstretched polybutadiene, crystal- 
lization is found to be fairly rapid in comparison with that of natural rubber, 
corresponding to the simpler unit of polybutadiene. Lucas and coworkers® 
showed that the change of volume arising from crystallization is greater, the 
lower the temperature of polymerization (see, for example, Figure 3 of thei 
paper). They also showed that, in copolymers of butadiene and styrene, the 
volume change associated with crystallization is less, the higher the styrene 
content of the copolymer (see for example Figure 2 of their paper). 

The primary effect of a change of crystallization temperature, on the other 
hand, is a change in the rate of crystallization, according to detailed studies on 
natural rubber’. Small amounts of cross-linking apparently produce a similar 
change of rate®. In both cases there is relatively little effect on the volume 
change after extended times. 

The rate of crystallization of butadiene polymers and copolymers, like that 
of natural rubber, passes through a maximum as the temperature of crystalliza- 

° Reprinted frot 1 the Journal of Applied Physica, Vol. 25, No. 7, pages 851-854, July 1954. This paner 
was presented at the Symposium on Crystallization of Polymers at the Division of High-Polymer Physic 


meeting, American Physical Society, Durham, North Carolina, March 27, 1953. The work was supported 
in part by The United States Office of Naval Research and the Office of the Quartermaster-Cieneral 
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tion is decreased. Calorimetric data of Furukawa and others’, extending down 
to —258° C, show crystallization occurring only in the range —73° to +22° C. 
The optimum temperature for maximum rate of crystallization, by analogy 
with that for natural rubber, may be expected to occur near or somewhat below 
the middle of this range. 

Modern theories of crystallization in polymers have led to the expectation 
that the optimum would depend on the melting temperature and that the latter 
would be depressed systematically by increasing amounts of noncrystallizing 
material. Consequently under ideal conditions one would make separate deter- 
minations of the optimum temperature for each polymer, and then make meas- 
urements of volume change as a function of structure or composition after 
infinite time at the optimum temperature for the particular polymer. Opti- 
mum temperatures have not been determined as a function of structure or com- 
position, and data on volume changes at these temperatures are not available. 
However, the crystallization temperature —45° C used in the studies of Meyer'® 
is probably fairly near the optimum for any of the polymers considered here. 
It is difficult to know whether the conclusions of Meyer would have been altered 
appreciably by extending the observations to longer times of crystallization 
than the 200 minutes (34 hours) usually used in his work. 


STRUCTURAL CONSIDERATIONS 


Butadiene-styrene copolymers are made up of four types of units in varying 
amounts: trans-1,4-polybutadiene, cis-1,4-polybutadiene, 1,2-polybutadiene, 
and polystyrene. In polybutadiene itself, obviously, only the first three types 
of units appear. In several recent studies" infrared techniques have been 
applied to determining the relative proportions of the different types of unit. 
While the numerical values obtained differ slightly, all the results agree in 
showing that emulsion polymers of butadiene have a 1,2-polybutadiene content 
which varies only slightly with temperature of polymerization, increasing from 
about 16 per cent at 7, = — 40° C to about 20 per cent for 7, from 100° to 
270° C. The trans-1,4-polybutadiene content is found to be of the order of 80 
per cent at the lowest polymerization temperatures, decreasing to about 50 
per cent at 7, = 100° C and to about 45 per cent at 7, = 270° C. Corre- 
spondingly, the cis-1 ,4-polybutadiene content increases from about 4 per cent at 
T, = 40° C to about 30 per cent at T, = 100°C. The rate of increase above 
this temperature is much less, with a value of about 35 per cent reported for 
T, = 270°C. The values just given are, to a first approximation, independent 
of the polymerization recipe for emulsion polymers. Quite different values 
are, of course, obtained for alkali-catalyzed polymers. 

Simple equations relate the quantities considered. If Br, Bc, By, and B 
are, respectively, the trans-1,4, the cis-1,4, the 1,2 (vinyl), and total polybuta- 
diene content while S is the bound styrene content, all expressed in weight 
per cent, then: 

Br + Bo + By + S = 100 (] 


and 


100Br 100Br_ 
B 100 — S§ 


where Fy is the per cent of the polybutadiene units in the trans-1,4-configura- 
tion. 

The data of Hampton’® have been selected for use in the quantitative cal- 
culations reported in the present paper. Only slight numerical changes would 
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have resulted from the selection of data from the other observers 
Hampton’s data for the fraction of polybutadiene units in the trans-1,4-con 
figuration for both polybutadienes and copolymers were assembled and plotted 
as a function of the temperature of polymerization. To a reasonable approx- 
imation, both sets of data could be represented by a straight line with the 
equation : 

Fr = 70 — 0.21T, (3) 
where 7’, is the temperature of polymerization (in degrees Celsius). The 
equation is regarded as satisfactory for temperatures of polymerization up to 
about 100° C. 

Hampton’s results, including copolymers containing not more than 27 per 
cent bound styrene, showed no significant differences in the relative propor 
tions of the different polybutadiene units with changes in bound styrene content 
Recent studies by Foster and Binder” of copolymers containing up to about 86 
per cent bound styrene show an increase of Fy with increasing amounts of 
bound styrene. The increase is marked above about 30 per cent bound 
styrene. Below this value the experimental uncertainty is such that the in 
crease is not clearly evident. Since the present paper is concerned only with 
the lower values of bound styrene, Fr is taken as independent of the styrene 
content. A correction term could be readily introduced if necessary 

Combining Equations (2) and (3) one obtains: 


LOOBr = (100 8)(70 0.217) (4) 


as the equation relating trans-1,4-polybutadiene content to styrene content and 
polymerization temperature. 


CRYSTALLIZATION AND STRUCTURE 


The volume change AV on holding samples at —45° C for 200 minutes (34 
hours) has been observed by Meyer", using liquid-filled dilatometers. This 
quantity, which is proportional to the fraction of the polymer in the crystalline 
state, is plotted as ordinate in Figure 1. The abscissa is the trans-1,4-polybuta 
diene content, calculated from Equation (4), utilizing Meyer’s reported temper 
ature of polymerization and a value of styrene content calculated from the re 
ported charging ratios. The points denoted by a cross were obtained with 
samples of polybutadiene polymerized at different temperatures, while the 
other points were obtained in other sets of experiments in which the styrene 
content of a copolymer was systematically varied at different fixed polymeriza 
tion temperatures 

The fact that all of the values fall, within experimental error, on a single 
curves indicates that Br, the trans-1,4-polybutadiene content, is the controlling 
factor in determining the extent of the crystallization. The relative propor 
tions of the noncrystallizing units have no effect on the extent of the crystal 
lization—at least to a first approximation. It is only their total amount that 
counts. If the amount of crystallization depended directly on the styrene 
content or on the temperature of polymerization rather than on the resulting 
trans-1,4-polybutadiene content, one would have several different curves 
whereas it can be seen that the data are represented adequately by a single 
curve, 

The straight dashed line in Figure | is drawn between the origin and a point 
corresponding to AV = 3.5 per cent for Br 100 per cent. It may be that 
for values of Br above 75 per cent the noncrystallizing types of units act as 
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Fig. 1.—Volume change as a function of trans-1,4-polybutadiene content. 


mere diluents in reducing the volume change in a manner proportional to their 
concentration. Below 75 per cent, however, it is clear that this is not true. 
In this region the reduction is more nearly proportional to the fourth power of 
the concentration. 

According to the curve in Figure 1, if the trans-1,4-polybutadiene content 
falls below about 58 per cent, the volume change in the given time at —45° C is 
zero, and no crystallization is observed. This is the most significant conclusion 
of the present paper. If the observations had been conducted at the optimum 
temperature for each polymer and, if they had been continued to longer times, 
it is possible that the curve would be lowered somewhat and the intercept would 
be reduced below 58 per cent. Beatty and Zwicker”, studying a copolymer con- 
taining about 46 per cent trans-1,4-polybutadiene, have reported a volume 
change of about 0.1 per cent after 32 hours at —64° C. This volume change, 
estimated at about 5 times the minimum detectible with the dilatometers used, 
is much smaller than any of the changes plotted in Figure | and indicates a very 
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Fic. 2.--Fraction of polybutadiene units in trans-1,4-configuration as a function of bound styrene con- 
tent for two fixed values of trans-1,4-polybutadiene content An arrow pointing to the right indicates that 
specific-heat measurements showed the presence of crystallization for the composition indicated by the tip 
of the arrow; an arrow pointing to the left indicates the absence of crystallization for the composition indi- 
cated by the tip of the arrow 





CRYSTALLIZATION IN COPOLYMERS 


slight amount of crystallization at a lower level of trans-1,4-polybutadiene con- 
tent than other observers have reported. The significance of this observation 
is not clear. The volume change may represent crystallization in portions of 
the polymer where statistical fluctuations have brought the trans-1,4-poly- 
butadiene content higher than the average for the whole polymer, or the tem- 
perature of crystallization employed may be nearer the optimum for this par- 
ticular polymer than those used by the other observers. 

Some of the consequences of the crystallization limit just mentioned are 
illustrated in Figure 2. The abscissa is the bound styrene content of the co- 
polymer, and the ordinate is the fraction of the polybutadiene units which are 
in the trans-1,4 configuration. The upper curve represents a constant content 
of trans-1,4-polybutadiene equal to 58 per cent. This line may be regarded as 
dividing the region of the graph into two areas, in one of which crystallization 
is possible and in the other of which crystallization has not been observed. 
Another curve representing a constant trans-1,4-polybutadiene content of 55 
per cent is also shown to correspond to the possibility of a somewhat lower limit 
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Fie. 3.-—Polymerization temperature as a function of bound styrene content for two fixed values of 


trans-1,4-polybutadiene content An arrow pointing to the right indicates that specific heat measurements 
showed the presence of crystallization for the composition indicated by the tip of the arrow: an arrow point 
ing to the left indicates the absence of crystallization for the composition indicated by the tip of the arrow 


if observations had been extended over a longer period of time. There is in this 
figure no opportunity to represent the extent of the crystallization, in terms of 
AV, for example. The curves are graphical representations of Equation (2) 
and are of course not dependent on any experimental observations. 

The fraction of the polybutadiene units in the 1,2-configuration for the 
emulsion polymers which have been studied has never been reported below about 
16 per cent. This sets a limit shown by the upper dashed line, below which all 
points would be expected to lie. The lowest reported value of the fraction of 
polybutadiene units in the cis-1,4-configuration is about 4 per cent. With the 
polymerization systems and temperatures now in use, therefore, experimental 
points will lie below the lower dashed horizontal line 

The four points in Figure 2 which are indicated by circles represent values 
for the erystallization limit computed from Meyer’s observations’’. These 
have been already utilized in Figure 1. The four arrows in Figure 2 represent 
experimental observations of Furukawa and coworkers’. An arrow pointing 
to the right indicates that specific-heat measurements showed the presence of 
crystallization; an arrow pointing to the left indicates the absence of any 
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crystallization. The values of S defined by the tips of the arrows were obtained 
by direct measurement of carbon-hydrogen ratio. The values of Fr defined by 
the tips of the arrows were obtained from the reported polymerization tempera- 
tures by the use of Equation (3). As expected, the lines representing the 
crystallization limit are found to lie between the tips of the arrows. 

Figure 3 is similar to Figure 2 in many respects, except that the ordinate is 
now the temperature of polymerization. Because of this fact, the curves are 
necessarily based on experimental observations of Fr as a function of poly- 
merization temperature. Hampton’s observations are represented by Equa- 
tion (3) have been used. The experimental points, now independent of Hamp- 
ton’s observations, are again taken from the data of Meyer and Furukawa. 
This form of representation is perhaps the most convenient for practical use. 


CONCLUSIONS 


From Figure 3 one draws the following significant conclusions: 


(1) Crystallization is not observed if the polymerization temperature is 
above 60° C. 

(2) For polymerization at 50° C, a small amount (2 to 6 per cent) of bound 
styrene inhibits crystallization completely. 

(3) For polymerizations at 5° C, the limit is at about 15 to 18 per cent 


bound styrene content. 
(4) At the lowest polymerization temperatures normally utilized, this limit 
is at about 30 per cent bound styrene. 


Direct experimental observation" is in general accord with these conclusions. 
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EFFECT OF STRUCTURIZING AGENTS ON THE 
PLASTICIZATION AND VULCANIZATION OF 
BUTADIENE-STYRENE RUBBER * 


A. Novikov AND F. A. Gauit-OGLy 


Screntivic Researcu Instirvte or tHe Rosser Inpustry, Moscow, USSR 


It has now been established that, during the plasticization and vulcanization 
of butadiene-styrene rubber, processes of structure formation and destruction 
take place at the same time’. The search for means of controlling the processes 
of structure formation and destruction during plasticization and vulcanization 
and thereby changing the kinetics of these processes and the physical-mechani- 
cal properties, both before and after vulcanization, is of both practical and 
theoretical importance. In this regard, substances which arrest the destruction 
processes or direct the oxidation processes toward structure formation during 
vulcanization and favor the destruction process during plasticization are the 
most effective agents. 

The data of previous studies* have shown that various organic compounds, 
such as anisidine, benzidine, aminophenols, and nitro compounds, show a 
structurizing influence on natural rubber, which is manifested by a decrease of 
plasticity and increase of viscosity of solutions of the rubber. The influence of 
structurizing substances on the properties of synthetic rubbers has not been 
studied. Undoubtedly the substances indicated influence the processes of 
destruction and structure formation which take place during the plasticization 
and vulcanization of synthetic rubber. 

The authors undertook a study of the effect of a number of substances of 
the type indicated on the properties of butadiene-styrene rubber during plas 
ticization and vulcanization. 


EXPERIMENTAL PART 


The first structurizing agents tested were p-anisidine, benzidine, N,N’-di 
phenyl-p-phenylenediamine, and benzoquinone. Only p-anisidine and N,N’- 
diphenyl-p-phenylenediamine were studied in detail as the most effective agents 

A butadiene-styrene rubber, SKS-30A, was chosen as the material for the 
investigation, since it does not crystallize during stretching and, at the same 
time, gives a relatively strong vulcanizate without the addition of active fillers 

The influence of the structurizing agents mentioned on the properties of 
raw SKS-30A were studied by following the change of viscosity of 0.5 per cent 
toluene solutions during heating (determined with an Ostwald viscometer for 
volatile liquids at a temperature of 25° + 0.1°), and by measurements of the 
solubility, plasticity, and the induction period of oxidation. 

From the data in Figure 1, it follows that the addition of structurizing 
agents to solutions of SKS-30A rubber in toluene causes an increase of their 
relative viscosity, which rises as the time of heating at 80° C is prolonged. 


* Translated for Russen Cuemistuy ano Tecunovoay from Kolloidnyi Zhurnal, Vol. 16, No. 2, page 


126-133 (1954) 
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Fie. 1 Changes of relative viscosity of a 0.5 per cent solution of SKS-30A rubber in toluene during 


heating at 80° ¢ a.—-Without additive. b.—-p-anisidine. B NV ,N’-diphenyl-p-phenylenediamine 
The abscissa represents the number of hours of heating; the ordinate the relative viscosity mre! 





The effect of N,N’-diphenyl-p-phenylenediamine and p-anisidine on the 
change of relative viscosity during heating of rubber solutions varies. In the 
case of N,N’-diphenyl-p-phenylenediamine, 0.3 and 1.0 per cent in the rubber 
give a progressive increase of relative viscosity with increase of the heating time. 


TABLE 1 
InpucTION Periop or OxipatTion or SKB anp SKS-30A Ruppers IN THE 
PRESENCE OF p-ANISIDINE AND N,N’-pIPHENYL-~p-PHENYLENEDIAMINE 
Parts by weight per 100 parts rubber 
7 A - — ‘ 
Oxidation V,N’-diphenyl- Induction 
temperature p-phenylene- perioc 
Type of rubber (°C) Neozone-D p-anisidine diamine (min.) 


SKS-30A 130 2.1 120 
130 2.1 0.5 120 


SKB 120 30 
120 0.5 60 
120 0.5 210 
120 Of 0.5 240 
120 0.5 300 


With the same concentrations of p-anisidine, the relative viscosity first de- 
creases, then increases. 

This characteristic action of N,N’-diphenyl-p-phenylenediamine and 
p-anisidine on solutions of SKS-30A during heating can be explained by the 
fact that the former is a strong and the latter a weak inhibitor of the oxidation 
of rubber. The weaker inhibitory effect of p-anisidine in comparison with 
V,N’-diphenyl-p-phenylenediamine is confirmed by the shorter induction period 
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Fie. 2.—Change of plasticity of SKS-30A rubber during heat and mechanical plasticization, in the 
presence of various substances: 1.—~-p-anisidine. 2.-—-N,N’-diphenyl-p-phenylenediamine. 3.——-Without 
additive 4 V,N’-diphenyl-p-phenylenediamine + ssenamneuhanantinanele 5 »-anisidine + mercap- 
tobenzothiazole. The abscissa represents the time of plasticization in minutes the ordinate the Defo 
hardness. The left-hand set of curves is for heat plasticization ; the right-hand set of curves for mechanical 


plasticization 
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during oxidation (sheets were oxidized at 120° C in a Nekrasov apparatus) of 
sodium-butadiene rubber containing no antiaging agent. 

In the case of commercial SKS-30A containing 2.1 per cent of pheny!l-6- 
naphthylamine, an additional 0.5 part by weight of p-anisidine per 100 parts 
of rubber does not change the induction period of oxidation at 130° C (see 
Table 1). 

During heat plasticization of SKS-30A at 130° C and a pressure of 3 atmos- 
pheres of oxygen, a considerable decrease of the rate of the process was observed 
in the presence of both N,N’-diphenyl-p-phenylenediamine and p-anisidine 
(see Figure 2). If in the case of N,N’-diphenyl-p-phenylenediamine, this may 
be caused by the inhibition of the oxidation processes which take place in rubber 
during hot plasticization; in the case of p-anisidine it may be caused by the 
specific structurizing action of the latter on the rubber during hot oxidation 
During cold plasticization on a mill, only a slight decrease of the rate of the 
process was observed. 

In the presence of mercaptobenzothiazole, there is an acceleration of the 
heat plasticization of SKS-30A rubber, which was shown earlier by Karmin and 
Batz*® for SKS-30A rubber. The significant increase of structure formation of 
rubber during hot plasticization in the presence of mercaptobenzothiazole and 
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Fie. 3.—Change of solubility of SKS-30A rubber during heat plasticization in the presence of various 
agents. 1.—Without additive. 2.—p-Anisidine (0.5) 3 V,N’-diphenyl-p-phenylenediamine (0.5 
4.—Mercaptobenzothiazole + p-anisidine (1.0 and 0.5). 5.-—-Merecaptobenzothiazole + N,N’-diphenyl-p 
phenylenediamine. The abscissa represents the time of plasticization in minutes; the ordinate the solubil 
ity in percentage 





p-anisidine or N,N-diphenyl-p-phenylenediamine is evident by the decrease of 
solubility (see Figure 3). 

The plasticity of rubber heat-plasticized in the presence of p-anisidine or 
N,N’-diphenyl-p-phenylenediamine is considerably lower than that of rubber 
heat-plasticized in the presence of p-anisidine and mercaptobenzothiazole, and 
also N,N’-diphenyl-p-phenylenediamine and mercaptobenzothiazole. How- 
ever, rubber heat-plasticized with p-anisidine or N,N’-diphenyl-p-phenylenedi- 
amine is completely soluble, whereas rubber heat-plasticized with p-anisidine 
and mercaptobenzothiazole, and also with N,N’-diphenyl-p-phenylenediamine 
and mercaptobenzothiazole, is only partly soluble. This is a direct indication 
of a process of structure formation in the rubber 

Thus, in SKS-30A rubber containing mercaptobenzothiazole and the struc- 
turizing substances tested, the same structural changes are observed, accom- 
panied by an increase of plasticity of the rubber and partial loss of solubility 

Consequently, in the presence of mercaptobenzothiazole during the heat 
plasticization of SKS-30A, N,N’-diphenyl-p-phenylenediamine and p-anisidine 
do not act as strong and weak inhibitors, respectively, of oxidation. There is 
another process, caused by the concurrent action of mercaptobenzothiazole 
and the substances mentioned, which leads in the end to identical structural 
changes. 
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It should be noted that the process of structure formation under the in- 
fluence of p-anisidine and of N,N’-diphenyl-p-phenylenediamine during hot 
oxidation-plasticization, with simultaneous loss of solubility of the rubber, is 
observed only in the presence of the accelerator mercaptobenzothiazole. Dur- 
ing the concurrent action of the vulcanization accelerator benzothiazole-2- 
sulfenediethylamide with p-anisidine or N,N’-diphenyl-p-phenylenediamine, 
heat-plasticized rubber is obtained having a plasticity equal to that of heat- 
plasticized rubber obtained by the concurrent action of p-anisidine and mer- 
captobenzothiazole, but they also remain completely soluble (Figure 4). 

Heat-plasticized rubber prepared in the presence of either p-anisidine or 
N,N’-diphenyl-p-phenylenediamine with diphenylguanidine are also completely 
soluble; however, the plasticity with the latter combination is much lower than 
that of heat-plasticized rubber prepared with mercaptobenzothiazole and 
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Fie. 4 Defo hardness of SKS-30A rubber in the presence of various agents l p-Anisidine 2 
N,N’-dipheny!-p-phenylenediamine + p-anisidine 3 \V,N’-diphenyl-p-phenylenediamine 4.—With 
out additive 5.—Benzothiazole-2-sulfenediethylamide + p-anisidine 6.-—- Mercaptobenzothiazole 
p-anisidine. 7.—-Benzothiazole-2-sulfenediethylamide. 8.—Mercaptobenzothiazole. The abscissa repre- 
sents the time of plasticization in minutes; the ordinate the Defo hardnes 


p-anisidine. Thus, in the simultaneous presence of p-anisidine or N,N’-di- 
phenyl-p-phenylenediamine and a vulcanization accelerator, viz., benzothi- 
azole-2-sulfenediethylamide or mercaptobenzothiazole, in SKS-30A_ rubber 
during heat plasticization, the same structural changes are observed, accom- 
panied by a decrease of plasticity. 

However, the degree of structural changes during the heat plasticization of 
rubber, in this case the progressive formation of spatial structures, by the 
simultaneous action of p-anisidine or N,N’-diphenyl-p-phenylenediamine and 
one of the above mentioned accelerators is different, as is revealed in the various 
degrees of solubility of the rubber after heat plasticization. 

The influence of structurizing substances on the physical and mechanical 
properties of vulcanizates of unloaded rubber and rubber loaded with channel 
black was studied by means of mixtures of the following compositions in parts 
by weight: 

Recipe | Recipe 2 
Rubber 100 100 
Stearic acid 2 
Zine oxide 5 
Mercaptobenzothiazole 2 
Channel black 


Sulfur 2 
Structurizing agent ] 
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RUBBER CHEMISTRY AND TECHNOLOGY 


The mixtures were prepared on a 150 * 300 mm. laboratory mill, using 
mechanically plasticized SKS-30A and heat-plasticized SKS-30A of identical 
Defo hardness. The same procedure was followed in both cases in adding the 
ingredients to the rubber, except for the structurizing agents. It will be shown 
below that the order of addition of the structurizing agent to rubber during the 
mixing of the ingredients or during plasticization has considerable influence on 
both the properties of the unvulcanized mixture and, in addition, on the physi- 
cal and mechanical properties after vulcanization of the mechanically plasticized 
rubber. 

In the case of vuleanizates of heat-plasticized SKS-30A rubber, prepared in 
accordance with recipes 1 and 2, not only do their properties depend on the 
order of addition of the structurizing agent, but also vulcanization is acceler- 
ated by the agent, with accompanying increases of tensile strength, equilibrium 
modulus, and rebound resilience, while the elongation at rupture remains high 
(see Table 2). 
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Fia. 5.—-Kinetics of vulcanization of SKS-30A mixtures according to change of E and combined sulfur 
] Without additive. 2.-—-N,N’-diphenyl-p-phenylenediamine. %3.-~p-Anisidine. The abscissa repre- 
sents the time of vulcanization in minutes; the ordinates the percentage of combined sulfur and E, (kg. per 
aq. om.), respectively 

Fia. 6.—Change of equilibrium modulus of rubbers during fatigue l Without additive. 2. p- 
Anisidine. The abscissa represents the fatigue life in minutes; the ordinate the HZ, value (kg. per sq. cm.) 








The equilibrium modulus was determined by a method worked out by 
Bartenev‘, with a Mendeleev dynamometer. The tensile strength was deter- 
mined on a Schopper dynamometer at a rate of elongation of 500 mm. per min. 
The rebound resilience was determined on.a pendulum machine. The test- 
specimens were prepared from vulcanized sheets 1 mm. thick. 

Figure 5 gives data on the change of the kinetics of combination of sulfur 
and the equilibrium modulus of unloaded heat-plasticized SKS-30A (recipe 1) 
during vulcanization. In the presence of p-anisidine or N,N’-phenyl-p-phenyl- 
enediamine, there is a slight acceleration of the rate of combination of sulfur at 
the beginning of vulcanization. However, the percentage of combined sulfur 
of mixtures containing p-anisidine or N,N’-diphenyl-p-phenylenediamine when 
the vulcanization optimum is reached is no greater. 

At the same time, the equilibrium modulus increases greatly, and to the 
same degree of both the mixture with p-anisidine and that with N,N’-diphenyl- 
p-phenylenediamine. This is an indication of the formation in the vulcanizate 
of additional chemical bonds, which are formed as a result of the specific action 
of p-anisidine and of N,N’-diphenyl-p-phenylenediamine on the rubber. In 
order to confirm the chemical nature of the new bonds, the changes of the 
equilibrium modulus during fatigue tests of vulcanizates containing p-anisidine 
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were measured and compared to the changes in vulcanizates not containing 
such an agent. The fatigue tests were made on a Gul apparatus, with periodic 
stretching to an amplitude of 150 per cent at 250 cycles per minute’. 

Figure 6 shows the change of equilibrium modulus during fatigue tests of 
vulcanizates. These results show that the nature of these changes is the same 
for both the vulcanizate containing p-anisidine and that not containing this 
agent. This indicates satisfactory tensile strength in the new bonds, at least 
when compared with that of sulfur bonds. 

In the case of the mechanically plasticized rubber, the addition of a struc- 
turizing agent to rubber during mill mixing, does not increase the tensile 
strength of vulcanizates of the type of recipe 1, and increases very little that of 
mixtures of the type of recipe 2. 

Changing the order of addition of the structurizing agent, it is possible to 
obtain an increase of tensile strength of a mechanically plasticized rubber. If 
p-anisidine is added to rubber during plasticization on a mill and then the rub- 
ber is compounded and vulcanized, the vulcanizate will show a higher tensile 
strength, particularly when the vulcanizate is of the type exemplified by recipe 
2. This is an indication that the specific action of the structurizing agent is di- 
rectly related to the oxidation processes which take place in rubber during heat 
plasticization and vulcanization. 


INTERPRETATION OF THE RESULTS 


The experimental results serve to show the influence of p-anisidine and 
N,N’-diphenyl-p-phenylenediamine in the presence of mercaptobenzothiazole 
and other vulcanization accelerators on the structural changes which take place 
both in raw SKS-30A and during its vulcanization 

It is characteristic that the structural changes which take place; during vul- 
canization, and which are accompanied by an increase of tensile strength of the 
vulcanizates, are most pronounced in heat-plasticized rubber, and are not evi- 
dent in mechanically plasticized rubber when the structurizing agents are added 
to the rubber in the usual way during mill mixing. 

On the basis of this observation, and in view also of the increase of viscosity 
of toluene solutions of rubber containing p-anisidine or N,N’-diphenyl-p-pheny!- 
enediamine, one can assume that the structural changes which take place in 
SKS-30A rubber are directly related to the course of the oxidation processes and 
are governed by the reaction between the compounding ingredients added and 
the oxidized segments of the molecular chains, which contain peroxides and 
other functional oxygen-bearing groups, or byproducts of their decomposition 
Untreated and, especially, heat-plasticized SKS-30A rubber, may have a large 
content of stable peroxides, of functional oxygen-bearing groups, ete 

Vulcanization accelerators have considerable influence on the kinetics of the 
process itself and on the extent of the structural changes in SKS-30A rubber 
when p-anisidine or N,N’-diphenyl-p-phenylenediamine is present. 

In the presence of mercaptobenzothiazole, which greatly accelerates the 
oxidation processes that take place in rubber, structure formation is more ex- 
tensive under the influence of p-anisidine or N,N’-diphenyl-p-phenylenedi- 
amine. This is indicated by the decrease of solubility of the rubber during heat 
plasticization and, after vulcanization, by a large increase of the tensile strength 
In this case, no difference is observed between the effect of p-anisidine, which is 
a weak inhibitor of the oxidation of rubber, and that of N,N’-diphenyl-p-pheny!- 
enediamine, which is a strong inhibitor of oxidation 
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Direct structure formation, which causes union of the separate molecular 
chains into larger formations or into a spatial network, evidently depends on 
the concentration of oxidized segments of the molecular chains. This conclu- 
sion is based on the experimental data of the increase of viscosity of toluene 
solutions during heating in the presence of p-anisidine or N,N’-diphenyl-p- 
phenylenediamine, and on the decrease of solubility of rubber during heat 
plasticization in the presence of the former and mercaptobenzothiazole, which, 
by activating the oxidation processes, causes a more rapid accumulation in the 
rubber of peroxide radicals, and accelerates the decomposition of the stable 
peroxides. It is noteworthy that the specific action of the particular agents 
tested on the tensile strength of vulecanizates is evident with mechanically 
plasticized rubber if the rubber is plasticized in the presence of such an agent. 

Apparently, during plasticization on a cold mill, there is no large accumula- 
tion of stable peroxides or other reactive oxidized segments of the molecular 
chains, and, therefore, the addition of a structurizing agent to cold-plasticized 
rubber during its subsequent mixing on a mill has no effect. 

During the plasticization of rubber on a mill in the presence of a structuriz- 
ing agent, the rate of reaction of the latter with the oxidized segments of the 
molecular chains becomes commensurate with their rate of transformation or 
their decomposition. Under these conditions, the specific action of the agent 
on mechanically plasticized rubber is manifest by the accompanying increase of 
the hardness of the rubber, as well as by the increase of the physical and 
mechanical properties after vulcanization. 

Thus, in addition to the effect of vulcanization, with its accompanying 
structure formation under the influence of sulfur, structure formation also re- 
sults from the reaction between the accelerator, the structurizing agent, and the 
oxidized chain segments, all of which leads to the formation of additional stable 
chemical cross-links in the vuleanizate. This is confirmed by the high equilib- 
rium modulus of vulecanizates containing structuring agents compared with 
sulfur vuleanizates containing no such agents. It is possible that, in the pres- 
ence of a vulcanization accelerator, the structurizing agent has an effect on the 
type and nature of the sulfur bonds formed. 

In both cases, there may be an increase of the number of cross-links for a 
given proportion of bound sulfur. Regardless of the mechanism of action, the 
structure of the vulcanizate becomes more complex, both because of the nature 
of the chemical bonds and because of their distribution in the spatial network. 

The distribution of the chains formed in the vulcanizate in the presence of 
p-anisidine or N,N’-diphenyl-p-phenylenediamine, is different from that of the 
chains formed during the reaction of rubber with sulfur, and probably is the 
cause of the retention of the high elongations and increase of tensile strength of 
vuleanizates, which appears most considerable in carbon vulcanizates. As is 
known, V,N’-diphenyl-p-phenylenediamine is an effective antifatigue agent for 
rubbers. Previously its action was explained solely on the ground that it is a 
strong inhibitor of rubber oxidation. From the data obtained, it follows that 
its action during vulcanization is more complex than this, and is related to the 
large structural change and to the type of chemical bonds formed in the vul- 
canizate, and this may be one of the factors which increase the resistance of 
rubbers to dynamic fatigue 

CONCLUSIONS 


Compounds of the type of p-anisidine and N,N’-diphenyl-p-phenylenedi- 
amine cause structural changes in SKS-30A rubber and its solutions, particu- 
larly during heating. 
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Vulcanization accelerators, in particular, mercaptobenzothiazole, greatly 
accelerate these structural changes in rubber in the presence of p-anisidine or 
N,N’-diphenyl-p-phenylenediamine during both heat oxidative plasticization 
and vulcanization. The degree and nature of the structural changes in rubber 
vary according to the type of accelerator. 

The structurizing action of p-anisidine and of V,N’-diphenyl-p-phenylene- 
diamine during vulcanization is manifested in the increase of the tensile strength, 
equilibrium modulus, and rebound resilience of vulcanizates, and the retention 
of high relative elongations. The agents cited accelerate somewhat the process 
of combination of sulfur with the rubber in the initial stage of vulcanization, 
without increase of combined sulfur content at the point of optimum vulcaniza- 
tion. 

The hypothesis is advanced that the influence of p-anisidine and N,N’-di 
phenyl-p-phenylenediamine on the observed structural changes in SKS-30A 
rubber during its heat plasticization and vulcanization is related directly to the 
character of the oxidation processes, and may be caused by the reaction of the 
oxidized segments of the rubber (peroxide radicals, stable peroxides, functional 
oxygen groups, ete.) In unvulcanized rubber, this leads to a loss of plasticity 
and solubility, and, by vulcanization, to the formation of additional cross-links, 
to an increase of tensile strength, and with retention of high elongation at 
rupture. Vulcanization accelerators, such as mercaptobenzothiazole, which 
activate the oxidation processes in the rubber, increase considerably the rate 
and extent of these structural changes. 
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REPRESENTATION OF THE MECHANICAL PROPER- 
TIES OF HIGH POLYMERS BY THE MODEL 
METHOD * 


G. M. BAarRTENEV 


Screntivic Reseancu Inerircere or tHe Russer Inpusrry, Moscow, USSR 


The representation of the mechanical properties of different materials by 
means of models has found widespread use in studying the mechanics of non- 
elastic materials and in the science of rheology'. The model method was suc- 
cessfully applied to complicated colloid systems by Segalova and Rebinder’. 
The method is based on the assumption that, by means of physically established 
combinations of elastic, viscous, and other states, it is possible to describe the 
mechanical properties of any body accurately. The advantage of the model 
method is that it is a graphic one. 

The simplest models are those designed for viscous-elastic materials, e.g., 
the model of Maxwell, and for elastic-viscous materials, e.g., the model of 
Kelvin. Any simple liquid or metal at high temperatures is an example of a 
viscous-elastic material. Any polyerystalline metal which shows the phe- 
nomenon of an elastic after-effect is an example of an elastic-viscous material. 
Neither of the simple models mentioned above describes the mechanical proper- 
ties of amorphous materials which have complex molecular structures, par- 
ticularly high polymeric materials. Attempts to construct a simple model 
which describes the entire complex of mechanical properties of high-polymeric 
materials have given unsatisfactory results. The most successful models, for 
example, that of Aleksandrov and Lazurkin’, are of a specialized character, and 
are applicable only within limited temperature ranges. The model suggested 
by Frenkel‘, which is in character an electric analogy, is based on purely formal 
considerations and, furthermore, conforms to that of Alexandrov. One of the 
principal reasons for the limitations of these models is evidently the absence of 
sufficient information regarding the mechanism and laws of high elastic de- 
formation, 

In the present work, high polymeric materials in the amorphous state, and 
consisting of linear polymers, were studied. These high polymers can be 
divided into two classes: 


(1) High polymers with a spatial network. 
(2) High polymers without any spatial network. 


An example of a high polymer of class (1) is vuleanized rubber; an example of 
class (2) is polyisobutylene, which possesses great chemical stability. In high 
polymers of class (1), plastic flow is absent below the temperature of chemical 
decomposition, whereas in those of class (2) it is pronounced. Therefore the 
mechanical properties of these and other materials, particularly at high tem- 
peratures, are sharply distinguished. Experiments show that the deformation 


* Translated for Russexr Curemistay ann Tecuno.ocy from Kolloidnyi Zhurnal (Colloid Journal) 
Vol, 12, No. 6, pages 408-413 (1950) 
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of high polymers follows a rule of additivity, and for materials of class (1) can 


be expressed thus: 
€ = €elas. T €h.clas (| 


where €ejas, iS the elastic component and €) «ias. the high-elastic component of 
the deformation: « = AL/Lo. Analogously, for materials of class (2), the 
relation is: 

€ = €elas + €h.clas €plas 
where €pias, is the plastic component of deformation. Here 

o = Celas = Th.elas T plas 
where o is the true stress. 

In the construction of models of high polymers, and in describing thei 
mechanical properties, we shall proceed from the following assumptions for 
materials of class (1). The elastic deformation follows Hooke’s law: o Eo 
€clas.; the high elastic deformation® below the limit of proportionality follows the 


law: 
. 
o = Ep clas.‘ €h.elas (4) 


where the high elastic modulus depends on the chemical nature of the polymer, 
on the temperature, and on the number of molecular chains in a unit volume 

For materials of class (2), the elastic deformation follows Hooke’s law, 
which, allowing for plastic deformation, can be expressed thus 


Eo: €6: a8 


l + €pias 


0 


The high elastic deformation for a state of flow which is being established 
allowing for the pastic deformation, follows the law 
Eh etas 
o *€h elas 
| + Ep! 7) 
where E), elas, depends on the number of chain molecules in a unit volume 
Plastic deformation follows the law of viscous flow for polymers 


dé pias ‘ 


0 Nplas dt 


where npias. depends on the temperature and apparently, also, to a slight degree 
on the deformation and on the stress®. 

Experiments show that high polymers, when in a high elastic state, are 
deformed thus: on loading, a certain definite deformation takes place almost 
immediately, and then an after-effect in the form of creep is observed. For 
materials of class (1), a constant equilibrium deformation is reached after a 
definite time. For materials of class (2), plastic flow may be superimposed on 
the creep phenomenon. 

In order to understand this phenomenon, it is necessary to consider the 
structure of high polymers. According to current theory, the spatial network 
of materials of class (1) is determined by the presence of strong transverse 
chemical bonds of different origin, which are recognized as primary unions 
In addition to the primary bonds between the molecular chains, there are 
weaker bonds, principally of non-chemical origin, which form secondary bonds 
At present there is no precise information about the origin of these secondary 
bonds. 
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It is further known’ that, in the straightening and displacement of the 
chain molecules, separate segments are involved. The straightening of a chain 
is the result of the orientation of the bonds of the chain molecules; its displace- 
ment is the result of slipping of the segments. According to the theories of 
Tobolsky, Prettyman, and Dillon*, Mooney, Wolstenholm, and Villars’, and 
others, slipping of the segments is due to the weakening of the unions, their sub- 
sequent rupture, and reestablishment of the secondary unions. In the case of 
elastomers, the latter is confirmed by our investigations". 

Since orientation of the links takes place much faster than does displace- 
ment of the segments by weakening of the secondary unions, at the very begin- 
ning, the deformation is caused only by the orientation of the linkages. Here 
the spatial network must be considered to consist of primary and secondary 
unions, with a corresponding initial high-elastic modulus Eo’. Thereafter the 
displacement of the segments leads to the after-effect and equilibrium deforma- 
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tion for materials of class (1), and to the after-effect and plastic flow for ma- 
terials of class (2). Equilibrium deformation for materials of class (1) depends 
only on the primary unions and is expressed by the modulus E,,. 

Proceeding from the above concepts of the orientation and translation mech- 
anisms of high-elastic deformation, assuming the presence of both primary and 
secondary unions, and taking into account conditions (1) and (2) for materials 
of classes (1) and (2), the models in Figures 1 and 2 were constructed. Here Eo 
is the elastic modulus; E, is the equilibrium high-elastic modulus for materials 
of class (1) and the static high-elastic modulus for materials of class (2), de- 
pending on the molecular weight; Eo’ = E,, + £, is the initial high-elastic 
modulus; EZ, is the modulus for the secondary unions; no is the viscosity, due to 
the process of orientation of the bonds of the chain molecule; 7; is the viscosity 
due to the displacement of the segments, and np)... is the viscosity due to 
plastic flow. 
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If z is the number of segments in a molecular chain, then approximately 


Nplas. = 2°) (6 


where, for a high polymer, z>>1. We shall also write the following obvious 
relations: 


No < unl < Nplas 
E. < Eo K Ey 
no = Eo-to; ™m = Ei-T1; pias Eo Tpins i) 


where To, 7;, and Tpias, are the corresponding mean times of relaxation, which 
depend in general on the temperature and stress 

The model in Figure 1 describes two physical states: the vitreous state and 
the high elastic state; the model in Figure 2 describes, in addition, the viscous 
flow state. This is seen in Figure 3 and the table, where relations 7, 8, and 9 
are applied, 

The models reproduced in the table can be used in the comparison of the 
equations of deformation which correspond to the different physical states of 
the high polymers. 


Physical state Class of 
at time of high 
observation ¢ polymer Conditions of physical stats 


Model of 


Vitreous state A elastic maternal 


ransitional . 
I itiona 3 Alexandro 
state B 7 
{ model 


High-elasti: 
state ( 
Our model 
negligible in 
the elastic de 
formation 


EK K, 


High-elastic 
state C 


Maxwe 
mode 
Viscous flov 
state 
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Applying formula (4), where Ey cias. for the initial state of deformation is 
equal to Eo’ and for the state of equilibrium is equal to £,, and Equation (5), 
where Ej, elas. is equal to the static high-elastic modulus Z,, we obtain the fol- 
lowing equations, which are valid for isothermal deformation: 


for the vitreous state: 


for the transitional state: 


do de o- 
— = Ky: e 
dt dt 


for the high elastic state: 


da 
dt 


for the viscous-flow state: 


, t 
E. a-dlt 
‘(é€ - €plas.); €plas . 
L + €plas 0 plas 


These equations are valid for the conditions indicated in the table. Ishlin- 
ski!’ derived an equation for the deformation of materials that are not com- 
pletely elastic which is similar to the equation of the transition state, although 
starting from different assumptions. The temperature curve of deformation 
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3.—-Relation of deformation of high elastic materials to temperature 
at constant stress and for a definite time 








A Vitreous state 
B Transitional region 
C High-elastic state 
D Viscous flow 
T Temperature 
Tt Temperature of creep 
Tg Temperature of transition 
T’,. Temperature of beginning of vitrification 
The vertical arrow pointing downwards at the right indicates the critical temperature of chemical 
decom position 
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for materials of class 2 of Figure 3 was studied more extensively by Kargin 
and Slonimskii*. 


SUMMARY 


1. Simple models are described which are based on physical concepts and 
which represent the mechanical properties of high polymers having a spatial 
network (class 1) and having no spatial network (class 2). 

2. The physical concept of characteristic mechanical properties of high 
polymers and their relation to the structural properties of the high polymers 
were studied. 

3. The particular models which represent the three physical states of high 
polymers are discussed, and the corresponding equations of deformation are 
indicated. 
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THE INTERACTION OF POLYMERIZING SYSTEMS 
WITH RUBBER AND ITS HOMOLOGS. II. INTER- 
ACTION OF RUBBER IN THE POLYMERIZATION 
OF METHYL METHACRYLATE AND 
OF STYRENE 


F. M. Merrerr 


Berrisn Rosser Propucers’ Researcu Association, 
Wetwynw Garpen Crry, Herrrorpsnire, Enoiano 


The transfer process by which a growing polymer chain abstracts a labile 
hydrogen atom from an a-methylenic group, leaving a free radical capable of 
re-initiating polymerization, suggests a means of attaching side chains to rubber 
hydrocarbon. 

The fact that the transfer coefficients of selected vinyl polymers with the 
model compound dihydromyrcene are of reasonable magnitude! supports this 
idea. If interaction occurs, then a small number of long side chains will be- 
come attached to the rubber trunk chain if the transfer coefficient is low, and a 
large number of smal! chains if the transfer coefficient is high. Methyl meth- 
acrylate, which, of the monomers examined, gave an intermediate transfer co- 
efficient with dihydromyrcene, was chosen as likely to give a readily detectable 
pattern of combination with rubber without serious retardation 


EXPERIMENTAL 


Method of reaction.—A similar technique to that employed in the previous 
work! was followed. In the former, only the molecular weights were deter- 
mined, but for the present work a record of the complete course of the reaction 
was required and, hence, a dilatometric technique was used. 

It was found that about a 5 per cent solution of rubber was the most viscous 
that could be employed for dilatometric studies, so most of the experiments 
were made with the system: rubber 5%, methyl methacrylate 50%, and ben- 
zene 45% by volume, with 1.0 mg. of benzoyl peroxide per ml. of monomer. 
Two pale crepes lightly milled to osmotic molecular weights of 560,000 and 
480,000 were used; they were completely soluble in benzene. In general, the 
benzene was measured into a flask, flushed with nitrogen, the rubber added, 
allowed to swell for 48 hours, and the benzoy! peroxide then washed in with the 
methyl methacrylate, which had been purified as before. The mixture was 
stirred magnetically at 25-30° C until a homogeneous solution resulted. The 
dilatometers, of capacity 3 to 200 ml., were filled by forcing in the reactant 
solution under about 10 lb./sq. in. nitrogen pressure. After filling, the dila- 
tometers were frozen in liquid air, evacuated, sealed and then rapidly warmed 
to room temperature. 

* Reprinted from the Transactions of the Faraday Society, Vol. 50, Part 7, pages 759-767, July 1954 
Part I is in the Transactions of the Faraday yn Vol. 50, Part 7, pages 756-758, July 1954, with the 


subtitle: “The effect of dihydromyrcene on the polymerization of styrene, methyl methacrylate, methyl 
acrylate, and viny! acetate” 
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During the reaction, the dilatometers were clamped to steel scales and com- 
pletely immersed in a thermostat controlled to +0.05° C. The reaction was 
followed in the usual manner. After the required amount of polymerization 
had taken place, as deduced from the known dimensions of the dilatometer and 
the change of density of the monomer on polymerization, the dilatometer was 
either cooled rapidly to 0° C and broken open or opened hot and its contents 
quickly diluted with benzene. In either case the mixed polymer solution was 
diluted to about 1-2 per cent concentration of total polymer in benzene and 
precipitated by pouring into about eight times its volume of methanol to which 
a little (0.01 per cent) anhydrous calcium chloride had been added. The pre- 
cipitates were left overnight and then separated in No. 3 sintered-glass crucibles. 
Several checks were made on the accuracy of precipitation of the rubber alone 
from the unreacted mixture, i.e., under the most difficult conditions, and a 
recovery of 99 per cent or better was always recorded. 

The resultant solid gross polymer was dried in vacuo (0.001 mm. Hg) at 
not more than 70° C, and any residual volatile material checked by heating A 
small portion at 150° C in a vacuum of 0.001 mm. Hg for successive periods af 
4 hours. These volatiles never exceeded about 4 per cent and were normally 
about 0.3-0.5 per cent. This treatment was also applied to the fractions, and 
the samples were subsequently used for determinations of the oxygen content, 
where a small amount of occluded methy! alcohol could have caused a relatively 
large error. 

Separative procedure.—lf transfer does take place, then the solid products of 
reaction, i.e., the gross polymer, may consist of rubber, a rubber-methy! 
methacrylate compound and polymethyl methacrylate. The overall composi- 
tion in terms of rubber and polymethyl methacrylate was obtained from the 
weight of the reaction mixture, its known rubber content, and the subsequent 
yield of gross polymer. To determine the amount of compound present, a 
method had to be devised for separating the gross polymer into its three possi- 
ble components. The solution properties of the gross polymers were unusual, 
because extraction of the gross polymer with solvents such as acetone, in which 
one of the components was known to be soluble, caused the formation of a dis- 
persion which easily passed through a No. 4 sintered-glass filter. The methods 
finally devised were as follows. 

Methyl alcoho! was slowly added with good stirring to 10 ml. of a 1 per cent 
benzene solution of the gross polymer at 20° C. When about 2 ml. had been 
added, a watery turbidity resembling a fine suspension of water in benzene 
became apparent. If centrifuged or allowed to settle, this turbidity formed a 
clear light brown stiff gel at the bottom of the tube. Decantation, followed by 
further addition of methyl alcohol to the supernatant clear liquor, showed that 
the separation of this component was virtually complete when methyl alcohol 
addition totalled 2.3 ml. The separated gel was shown by infrared analysis 
and oxygen estimation to be at least 95 per cent free rubber. It could, if nec- 
essary, be purified by dissolving in benzene and repeating the precipitation. 
Rubber of molecular weight as low as 50—100,000 is precipitated in this range. 

Addition of methy] alcohol to the clear decanted liquor was then continued, 
and at 2.5 ml. a faint turbidity of a new kind appeared. This became more and 
more pronounced as further methyl! alcohol was added, the turbidity appearing 
brown by transmitted, and white by reflected light. After addition of about 
10-12 ml. of the alcohol, the solution was almost opaque. This colloidal sol 
was remarkably stable; it could be boiled without change, could be kept for 
months, and was unaffected by the addition of large concentrations (equal 
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even to the amount of polymer present) of ionic substances such as anhydrous 
calcium chloride. 

As further methyl alcohol was added, the precipitation point of the poly- 
methyl methacrylate was approached. In this region the sol was metastable, 
and addition of a very small amount of calcium chloride or similar ionic com- 
pound caused instant flocculation of the sol. The sol-flocculation point 
oceurred at about 18.3 ml. 

The flocculated sol was removed by simple decantation or centrifuging and 
the addition of methyl alcohol continued. At about 19.0—-19.3 ml., turbidity 
recurred, again of a watery nature as with the rubber fraction, and, as more 
methyl alcohol was added, this flocculated to a precipitate of normal appear- 
ance. Excess methyl alcohol was added (up to 40 or 50 ml. total) and the 
precipitate separated. Infrared analysis and oxygen estimation showed it to be 
better than 97 per cent pure polymethyl methacrylate. 

In this separative procedure, the first fraction is essentially free rubber and 
the third is polymethyl! methacrylate. The only doubtful point is whether the 
second fraction represents a true compound, and strong evidence on this point 
is given by the following: 


(1) Repetition of the separation on the second fraction, taken by itself, does 
not yield any more free rubber or free polymethyl! methacrylate. 

(2) If solutions of rubber and polymethyl methacrylate are mixed, the 
components can be separated by the above method from the fresh mixture or 
after keeping it for several months. 

(3) If a solution of the second fraction is mixed with either rubber or poly- 
methyl methacrylate solution, or both, the added rubber or polymethyl 
methacrylate can be recovered, but not in amount greater than that added. 

(4) The gap which exists between flocculation of the second fraction and 
commencement of precipitation of the polymethyl methacrylate is always pres- 
ent and is usually one ml. of methyl aleohol or more. It varies slightly accord- 
ing to the molecular weight of the polymethyl methacrylate. 

(5) A similar gap exists between precipitation of the rubber and the first 
formation of the sol due to the compound fraction. If the free rubber is much 
degraded, i.e, considerably below 50,000 molecular weight, its precipitation 
may spread into the sol zone, but can often be separated by centrifuging at 
about 1000 rev. per min., by which the sol is unaffected. The same may apply 
to non-rubber constituents. 


The properties of the sol which forms the middle fraction are believed to be 
due to the differing solubilities of the rubber trunk chain and the polymethyl 
methacrylate side chains in the mixture of benzene and methyl alcohol. In the 
sol particles, the rubber trunk chain will be collapsed, but probably swollen 
with solvent, and will account for the translucent colloidal appearance. The 
polymethyl! methacrylate side chains will be almost normally extended, because 
they are still soluble, and will be subject to Brownian movement and will carry 
with them the collapsed rubber chains. The solubility of the methyl metha- 
crylate side chains and, hence, the stability of the sol, is not affected at this 
stage by the addition of traces of ionic substances. As further methyl] alcohol 
is added, the side chains in turn collapse, and the compound molecules form 
colloidal particles which resemble those of ordinary sols and are precipitated 
by traces of ionic substances. In the metastable state, the sol particles prob- 
ably consist of individual rubber methyl methacrylate macromolecules, the 
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minimum number of ions required for flocculation being of the same order as 
the number of macromolecules. 

Later experiments included the use of styrene when a similar separative 
procedure was developed. Polystyrene is precipitated by 3 ml. of methyl 
alcohol per 10 ml. of benzene solution, compared with 2 ml. for rubber, and 
these titer values are so close together that the sol does not form. The separa- 
tion was, therefore, made by adding methy! alcohol to a solution of the gross 
polymer in two volumes of methylethyl ketone to one volume of benzene. The 
methylethyl ketone, in which rubber is insoluble and polystyrene just soluble, 
enhances the insolubility of the rubber trunk chains, but delays the collapse of 
the polystyrene side chains when methyl! alcohol is added. Under these condi- 
tions the rubber fraction precipitates at about 0.2 ml. methyl! alcohol per 10 ml. 
of | per cent polymer solution, followed by the flocculation of the sol at 2.5 ml 
It is not necessary to add calcium chloride to flocculate the sol, because the meta- 
stable state does not seem to form so readily, although some calcium chloride 
was normally added to help the aggregation of the rubber precipitate if present 
It was found, with the rubber + styrene + benzoy! peroxide system, that free 
rubber present in solutions of the gross polymer was prone to degradation and, 
hence, trinitrobenzene was used where necessary as a stabilizing agent. Hy- 
droquinone was unsuitable because it tended to cause the free rubber to remain 
in association with the sol. Such association could be detected because a 
relatively stable sol was formed prematurely in the titration range correspond- 
ing to pure rubber. As a check in doubtful cases where free rubber appeared 
to be absent, 10 per cent of the gross polymer solution was replaced by an equal 
quantity of 1 per cent rubber solution. This added 10 per cent should then 
separate as such, neither more nor less. 

Characterization of separated polymers.—The molecular weights of some of 
the free polymethyl methacrylates were measured osmotically in benzene 
solutions, using Zimm and Myerson osmometers with denitrated collodion 
membranes. The intrinsic viscosities were also measured in No. | B.S.S 
viscometers. The relationship between the two sets of data was found to 
agree well with Baxendale and Bywater’s equation’ 


P = 281 x 10°[n}'* (1) 


Subsequently, molecular weights were deduced from the intrinsic viscosities in 
this way, apart from occasional checks. 

With the compound fractions, all the molecular weights were determined 
osmotically. In some cases both Fuoss-Mead and Zimm-M yerson osmometers 
were used, and the results were in complete agreement. It was noticeable that 
the slope of the reduced osmotic pressure against concentration curves of the 
compound fraction polymers was always equal to, or greater than, that of the 
original rubber, which gave a much greater slope than the free polymethy! 
methacrylates. This indicates that the solvent-solute interaction is not the 
mean of the two components, and also makes it improbable that cross-linking 
occurs in the compound. 

Knowing from the polymerization and separation the relative amounts of 
rubber and methyl methacrylate in the compound, the overall molecula: 
weights of the rubber and methyl methacrylate parts were derived by simple 
proportion from the total molecular weight of the compound 

Similar measurements were made with the fractions from the rubber- 
styrene system and the relation’: 


P = 178,000 * []!?7 (2) 
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was verified and used for the free polystyrene. The molecular weights of the 
compound fractions were determined osmotically. 


RESULTS 

Experiments with methyl methacrylate.—The preliminary experiments im- 
mediately showed that while the molecular weight of the free polymethyl 
methacrylate, separated from the gross reaction mixture, had approximately 
the value corresponding to simple transfer, that of the total attached chain or 
chains was much less than this. Simple transfer had evidently not taken place, 
hence a special method had to be devised for determining the actual length of 
the side chains and their number per rubber trunk chain. Three methods ap- 
peared possible. 


(1) Cumulative degradation of the rubber trunk chains to which the poly- 
methacrylate side chains are attached will ultimately lead to the production of 
free rubber. If the molecular weight of the separated compound fraction is 
divided in the ratio of the known amount of rubber and the known amount of 
polymethy! methacrylate, the respective molecular weights of the rubber trunk 
chain and of the polymethyl methacrylate side chains will be obtained. As the 
proportion of free rubber increases, the probability of there being only one 
polymethyl methacrylate side chain increases. 

(2) For constant amounts of polymethy! methacrylate and rubber, a series 
of experiments, using rubber degraded to successively lower molecular weights, 
will so increase the number of molecules of rubber present that at a certain 
point there will not be enough polymethyl methacrylate side chains to go 
round, and free rubber will then appear in the separation. 

(3) The third alternative is the complement of (2). If a series of experi- 
ments starts with a very small conversion of monomer and gradually increases 
this from experiment to experiment with a constant amount of rubber present, 
then the conversion in the first experiments can be so chosen that there will be 
less than one attached polymethyl methacrylate chain for some of the rubber 
molecules, and free rubber will appear in the separation. As the amount of 
conversion increases, free rubber will at some stage cease to appear in the sepa- 
ration, and at this point all the rubber chains will have at least one polymethy! 
methacrylate side chain. 


The last method, which is more flexible experimentally, was adopted. It 
depends on the length of the individual side chains remaining constant within 
the limits of conversion used. This was certainly true within 10 per cent for 
the model dihydromyrcene + methyl! methacrylate system. 

The results of the first series of detailed experiments at 60° C are shown in 
Table 1. Line (2) shows the concentration of polymethy! methacrylate in the 
gross polymer precipitated from the reactant solution, and is calculated from the 
difference between the total amount of polymer found at the end of the reaction 
period and the concentration of rubber initially present. Hence the relative 
overall amounts of polymethyl! methacrylate and rubber in the gross polymer 
are known. 

Lines (3), (4), and (7) give the respective concentrations of free rubber, 
compound, and free polymethyl methacrylate, determined from the separation. 
In all cases the quantities recovered were at least 97.5 per cent of the initial 
amount, and are here scaled up to 100 per cent for the sake of clarity in presen- 
tation. By difference between (2) and (7), the bound polymethy! methacrylate 
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can be found, and is given in line (6). The difference between (6) and (4) then 
gives the amount of rubber (5) in the compound. The ratio of the amount of 
hound to free polymethyl methacrylate is given in (8). Lines (9) to (13) cor- 
respond to lines (3) to (7), but give the number average molecular weights. 

It can be seen that the addition of the rubber reduces the rate of polymeriz- 
ation to about one-half. The actual rate curve was shown to be autocatalytic 
in character by measurements extending to high conversions. 

The molecular weights of the rubber and polymethyl! methacrylate parts of 
the compound molecule (lines (11) and (12)) and of the free polymethy! 
methacrylate (13) illustrate the course of the reaction in the simplest manner 
Thus for Expt. 10A, where free rubber is present, the compound fraction con- 
sists of a rubber trunk chain, of molecular weight 180,000, to which are at- 
tached polymethyl methacrylate side-chains to a total molecular weight of 


TABLE | 


THe System: Rupper + Benzene + Metruyt Meruacry Late 
+ BenzoyL PEROXIDE 


Expt. no 1OA B Cc D ot 


rate xX 10* 

(in mole/l. min 1.35 1 35 1.69 1.66 
Polymerization 

polymethyl inethacrylate 

(as % in gross polymer) 


(free rubber 


total 
rubber 
compound 


‘ 


methyl 
methacrylate 
| free polymethyl 
methacrylate 


% Separation of< 
gross polymer 


Ratio bound /free polymethy! methacrylate 


free rubber determined 
Molecular } total 200 300 
weight iaiee 184 241 234 261 203 
distribution ~*~ ) methyl 
in gross polymer (methacrylate 65 124 | 49 66 79 97 99 
10 free polymethyl 
methacrylate 265 265 315 355 $80 155 420 420 13 


) compound 


Norges: concentration of rubber in reactant solution = 0.677 base mole/|.; rate of polymerization of 
system in absence of rubber ~ 0.00282 mole/|. min; molecular weight of polymethyl methacrylate in 
absence of rubber — 750,000 ’ 


6000, the individual lengths comprising this depending on the statistical dis 
tribution of the side-chains among the rubber chains. As the overall amount 
of polymethyl methacrylate steadily increases along the series, so does the 
amount of bound polymethyl methacrylate, presumably as multiple side-chains 
of constant molecular weight. The length of the rubber trunk chain remains 
approximately the same as does the length of the free polymethy! methacrylate 

A similar series of experiments was made at 80° C. A determination of the 
transfer coefficient of dihydromyrcene with methyl! methacrylate at this tem- 
perature had shown that the transfer coefficient changed very little from 60 
to 80° C. The results with rubber at 80° C are not so accurate as those at the 
lower temperature, due to greater rates of polymerization. The molecular 
weights for the free polymer were 155,000 to 205,000, and the length of the side- 
chains when free rubber was still present was about the same as before. The 
rubber trunk chain averaged 170-200,000, indicating very little greater de- 
gradation at 80° than at 60° C. Close agreement, therefore, exists with the 
results at 60° C, 
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Experiments with styrene.—The above results show that, in order for free 
rubber to remain as such, conversion of the methyl methacrylate must be re- 
stricted to very low values, in which case the experimental error in the calcu- 
lated methyl methacrylate content of the gross polymer becomes large. Hence 
experiments were made using styrene as the monomer, in the hope that the 
lower transfer coefficient deduced for the dihydromyrcene system! would be 
reflected in larger combined chains. 

Hence a composite experiment was made with the system: rubber + ben- 
zene + styrene, 5/45/50 by volume, with 1 mg. of benzoyl peroxide per ml. of 
momomer, as before, and the results are recorded in Table 2. In this experi- 
ment the “rubber” fraction was separated, even when small. 

As can be seen, the lower transfer coefficient with dihydromyrcene of 
styrene, compared with methyl methacrylate, is not reflected in the results with 
rubber. The figures are similar to those for methyl methacrylate, the com- 

TABLE 2 


THe System: Rusper + BenzeENE + SryvreENE + Benzoy. PerRoxiwe 


Expt. no 32A B Cc D E 
rate X 10‘ (mole/]. min) 3.64 3.94 1.07 1.07 3.96 


Polymerization polystyrene (as % in 


gross polymer) 


{ free rubber 
ail , total 
% Separation of | j 
compound < rubber 
gross polymer | 
free polystyrene 


Ratio bound /free polystyrene 


f rg or 
Molecular weight- free rubber 


distribution in |} 
oe i compound 
gross polymer 
x 10% 


total 
rubber 


| free polyst yrene 


Nores 


system in absence of rubber — 0.00104 mole/I|. min 


styrene 


styrene 


concentration of rubber in reactant solution 


to 


- ee ee 
KmN ew 
ho Sen 


— 


0.17 


169 
164 
5 


116 


= 0.677 base mole/! 


30.0 


0.6 
76.9 
69.4 


io 
22.5 


0.33 


38.5 


0.4 
70.6 
60.8 

9.8 
29.0 


0.3 


not determined 


184 
166 

18 
145 


227 
196 

31 
150 


14.4 


0.4 
63.6 
55.2 
14.4 
31.0 


0.43 


261 
210 
51 


141 


50.0 


0.5 
63.0 
49.5 
13.5 
36.5 


0.37 


304 
239 


65 


149 


; rate of polymerization of 
molecular weight of polystyrene in absence of rubber 


230,000 


pound consisting of a rubber trunk chain of molecular weight 160,000 to 
240,000, with side-chains of a total molecular weight of about 5000 with free 
rubber present, and increasing up to a total of about 60,000 for the higher con- 
versions of styrene. The average ratio of the quantities of bound/free poly- 
styrene is shown to be 0.17 to 0.43. 

The other factors such as retardation, and autocatalytic-type reaction curve 
are the same as for the rubber + methy! methacrylate system. 


DISCUSSION 


RUBBER AS A MACROMOLECULAR TRANSFER AGENT 


The interaction of rubber in polymerizing systems would be expected to 
occur in & manner similar to that with a simple homolog, such as dihydromyr- 
cene. If the rubber acts solely as a transfer agent, then the molecular weight 
of the free and attached chains of vinyl polymer should be governed by an 
equation already derived.*| Normally the polymer chains initiated by catalyst 
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and transfer agent, respectively, are indistinguishable and inseparable, but the 
chains initiated by a macromolecular transfer agent, here designated bound 
chains, should be separable from the free chains initiated by the catalyst. 
Inspection shows that the relative proportions, assuming simple transfer, are 
given by the relation: 

P/Po = 1(1 + 2) (3) 


where z is equal to the ratio (bound polymer)/(free polymer). 
By substitution into Equation (3), we have: 


2 = PCTAS)/[M] (4) 


The relative molecular weights for the calculation of [AS ]/[(M ] will be 138 and 
68, because dihydromyrcene contains the same number of active CHe 
groups as one C;Hg, repeating unit in a polyisoprene chain®. 

Applying these values to the methyl methacrylate system, and assuming a 
transfer coefficient! of 7 X 10~* to apply to both dihydromyrcene and rubber, 
the addition of 5 per cent by volume of rubber should reduce the molecular 
weight of the free polymethyl methacrylate from 750,000 to 432,000 which 
should also be the length of the attached chains. The ratio of bound to free 
polymethyl! methacrylate should be 0.76. 

It is clear experimentally that the substitution of rubber as the would-be 
transfer agent results in two major differences. The first is that the lengths of 
the individual attached chains have an unexpectedly low molecular weight 
The experimental method of determining this gave the average chain length of 
the attached side chains when a known amount of free rubber was still present 
in the system. Assuming a random distribution to apply to the attached 
chains it can be shown (Apprendix 1) that: 


n/N’ = f- (5) 


where n is the total number of side chains in the system, N’ is the number of 
rubber chains which have side chains attached, and f is the weight fraction of 
free rubber. This relation is true provided that the actual number of points of 
attachment is small compared with the possible number of points of attachment 
on the rubber trunk chain. 

Since n/N’ is the average number of side chains per rubber molecule when a 
weight fraction f of free rubber is present, the true length of the individual side 
chains can be calculated from the experimental results. Thus, for Expt. 10A, 
n/N’ = 2.8 which gives the molecular weight of the individual side chains as 
approximately 2,500. 

The second major difference is that, despite this, the experimental ratio of 
hound/free polymer is in the range 0.8 to 1.5, showing that the number of points 
of initiation on the rubber must be about a hundred times greater than the 
simple transfer theory predicts. The small reduction in the lengths of the free 
vinyl polymer chains corresponds approximately with simple transfer. 

The results with styrene reinforce these conclusions. Here the molecular 
weights of the polystyrene in the absence and presence of rubber should be 
230,000 and 215,000, with a bound/free ratio of 0.07, whereas the derived value 
for the individual side chains is approximately 2,000 and the bound/free ratio is 
0.17-0.43. The length of the attached chains is, thus, of the same order as for 
methyl methacrylate, and the relatively larger experimental bound/free ratio 
shows that the number of points of initiation on the rubber compared with 
simple transfer is even greater than for methyl methacrylate 
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These results were so unexpected that it was decided to repeat the above 
experiments using azoisobutyronitrile (A.Z.B.N.) as catalyst. Numerous 
authors have shown that its efficiency in initiating polymerization is practically 
independent of environment, and furthermore that the isobutyronitrile radicals 
dimerize rather than abstract hydrogen atoms, even at high temperatures®. 
It was, therefore, expected that A.Z.B.N., in the presence of active monomers 
such as styrene and methyl methacrylate, would initiate only via the monomers 
and would not abstract hydrogen atoms from the rubber. 


EXPERIMENTS WITH A.Z.B.N 


The composite type of experiment described above with rubber-methy! 
methacrylate was repeated with the benzoyl peroxide replaced by an equimolar 
quantity of A.Z.B.N. The first part of Table 3 (Expt. 28) shows the summarized 
results. Line (5) differs from Table 1 in showing the amount of methy!| 
methacrylate present in the compound fraction, determined from the difference 
between the total oxygen content and that of the original rubber. In all cases, 


TABLE 3 
Tue System: Rusper + Benzene + Meruyi, Meruacryiate + A.Z.B.N. 


Expt. no 248 «=&B Cc D Ss OA UD 


rate X 10% 

(mole/|. min) 2.68 290 268 265 266 2.50 2.73 
polymethy! methacrylate 

(as % in gross polymer) 68 166 233 24. 6.2 


Polymerization 


free rubber 63.5 626 516 
| total 28.2 23.0 22.2 
> Separation of ) compound m.m. content 
gross polymer | of compound nil 2% 3% 
free polymethy! 
methacrylate é 1444 25.3 


€ 


Molecular-weight Sgomoogne total 215 200 250 230 215 


distribution in free polymethy! 
gross polymer X 10°* | methacrylate 255 250 230 240 240 250 


Nores: concentration of rubber in reactant solution = 0.677 base mole/l.; rate of polymerization of 
system in absence of rubber = 0.0058 mole/|. min; molecular weight of polymethyl methacrylate in absence 


of rubber = 480,000 


nearly three-quarters of the total amount of rubber present was recovered as 
free rubber. Moreover, the amounts of recovered polymethy! methacrylate 
always corresponded to the total amounts formed by polymerization, within 
the experimental error of about 2 per cent. 

Little combination had evidently taken place between the rubber and the 
polymethy! methacrylate, and there were no signs of any increase as the poly- 
merization proceeded. There is, indeed, a certain precipitation in the region 
where the middle compound fraction would be expected, but the oxygen con- 
tents of these fractions indicate a maximum methy! methacrylate content of 
about 4 per cent. 

In order to establish within closer limits the maximum combination be- 
tween rubber and methyl methacrylate that had occurred under these condi- 
tions, a further experiment was made. Methy! methacrylate was polymerized 
to the extent of 5, 105, and 164 parts per 100 parts of rubber initially present. 
This gives double the amount of polymethy! methacrylate compared with rub- 
ber than was present in the corresponding benzoy! peroxide experiments. The 
results are shown in the second half of Table 3 (Expt. 30), allowance in this 
ease being made for the actual;amount_of rubber recovered from a blank pre- 
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cipitation of the reaction mixture. (This meant an experimental rubber con- 
centration of 4.98 per cent by weight instead of a calculated value of 5.04 per 
cent rubber added.) The differences between the oxygen contents of the com- 
pound fractions and the rubber fractions showed that the methyl methacrylate 
content of the former (line (5)) was initially very small rising subsequently to a 
figure of 4 per cent. In these experiments, the free polymethyl methacrylate 
fraction was at least 99.0 per cent pure. The maximum figure of 4 per cent 
obtained with these high conversions corresponds very approximately to side 
chains of total molecular weight about 8000, the lowest figure corresponding to 
about 2000-4000. 

An experiment with the styrene system, using equimolar proportions of 
A.Z.B.N., was also made, but not in such detail, because analytical difficulties 
do not permit the combination of styrene with rubber to be easily verified. 
The results showed that the system behaves very similarly to the analogous 
methyl methacrylate system, inasmuch as most of the rubber and practically 
all the polystyrene formed can be extracted in the form of free rubber and free 
polystyrene, identified by infrared analysis. 

Additional experiments with the rubber + methyl methacrylate + benzoy! 
peroxide system showed that the same results are obtained if the rubber con- 
centration is lowered to 1 per cent and also if the reaction takes place in a rubber 
latex whose particles are swollen with monomer + catalyst. 


CONCLUSIONS 


The major interpretative difficulty is that the attachment of polymer chains 
to the rubber is not in accordance with a simple transfer process. When ben- 


zoyl peroxide is used as catalyst, the unexpectedly large number of side chains 
suggests that the peroxide is directly concerned in initiating each chain. The 
large number of initiating radicals necessitated by this mechanism would 
steadily increase because the polymerization is autocatalytic, and the propor- 
tion of bound chains remains roughly constant. In fact, the rate of generation 
of catalyst radicals under the experimental conditions is much too low for this 
view to be sustained. 

If a physical factor, such as submicroscopic phase separation of the rubber, 
leads to greatly increased transfer in the rubber phase and thus to multiplica- 
tion of a few original chains formed by direct attack of benzoyl peroxide mole- 
cules on the rubber, then it follows that there can be no effective interaction 
between the growing free polymer chains and the rubber, and that the small 
amount of apparent combination found using A.Z.B.N. as catalyst is, in effect, 
experimental error. Such conclusions, in view of the evidence for simple 
transfer obtained with dihydromyrcene, would require independent confirma 
tion before being acceptable. 

The fact that the length of the attached chains, as well as their number, 
seems to be independent of the kinetic factors normally involved in this type 
of reaction indicates that no simple explanation fits all the experimental facts 
The difficulty may well prove to be founded in the polymeric character of the 
rubber rather than its chemical constitution 


SUMMARY 


In Part I of this investigation, the effect of dihydromyrcene on four viny! 
polymerizing systems was studied, and it was found that this compound re- 





82 RUBBER CHEMISTRY AND TECHNOLOGY 


duces both the molecular weight of the polymer formed and the rate of poly- 
merization. 

With rubber, the results are more complicated. A method for separating 
the simple polymers from the graft (compound) polymers is developed. This 
method is based on the peculiar colloidal properties of the graft polymers. 

These separations show that interaction between the natural and synthetic 
polymers depends on the catalyst used for initiating the polymerization and, 
therefore, that more than simple transfer is involved. Thus, with benzoyl 
peroxide, numerous very short side chains are combined with the rubber, while 
the free vinyl polymer chain grows to approximately the length predicted from 
known data. With azoisobutyronitrile, on the other hand, there is little or no 
reaction between the rubber and vinyl component. 

It is suggested that the formation of these very short grafted chains in place 
of the expected long ones may be a general feature of rubber-polymer systems 
of this type. 
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APPENDIX 
It is assumed that the molecular-weight distribution of the rubber chains is 


the same as that given by random scission, i.e., N, the number of chains with 
z isoprene units is given by’: 


N, = Np(1 — p)*"; p= ti/l 


where / is the average chain length, and that the radical attack on the rubber 
chains is random so that the probability of a given isoprene unit being the site 
of such an attack is: 

q = n/Nl = np/N 


n being the total number of such points of attack. 
The total number of chains without side chains is: 


No=N > pil — pj? "(1 — g)? = [Np(l — g)}/(p +4 — pq) 
rel 


and the total number of chains with one or more side chains is: 
N’ = N — No = Nq/(p +4 — pq) = np/(p + 4 — pq) 
so that the average number of side chains per rubber chain in the compound is: 
n/N’ = (p +4q — pq)/p 


The total weight of chains without side chains is: 


N > zp(l — p)?*(1 — g)* = {Np — q)}/(p + ¢ — pa)? 
zl 
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and the weight fraction of free rubber is: 
f=ipP(l—qi/(p +a — pay 


Since q is small we get: 


n/N’=f-! 


which determines the average number of side chains per molecule of rubber- 
polymer compound in terms of the fraction of free rubber. 
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STRUCTURE AND PROPERTIES OF LOADED RUBBER 
MIXTURES. XII. DIELECTRIC PROPERTIES OF 
NATURAL RUBBER-CARBON BLACK 
MIXTURES * 


A. I. LuxkomskKaya AND B. A. DoGADKIN 


Screntivic Reseancu Iwertrrure or rae Tine Inpuserry, Moscow, USSR 


In a study of the influence of the structure-forming capacity of carbon black 
on the dielectric properties of sodium-butadiene rubbers, it was established! 
that the fundamental changes of the properties by loading are related to the 
nature of the intermolecular reactions between the rubber and filler, as well as 
between the filler particles themselves. The influence of the intermolecular 
reaction in the rubber phase, in other words, the influence of the type of rubber, 
was not studied. Moreover, it is known’ that rubbers can be divided into two 
groups according to their response to loading: (1) rubbers which crystallize 
when stretched, and (2) noncrystallizing rubbers. The former give vulcani- 
zates which are strong even when containing no filler, and are only slightly rein- 
forced by fillers ; the latter require reinforcement for high tensile strength. The 
sodium-butadiene rubber studied by the authors’ belongs to the second group 
(nonerystallizing), the properties of which are considerably influenced by the 
presence of a filler. 

It was interesting to study the dielectric properties of mixtures of the 
crystallizing rubbers. Natural rubber (smoked sheet) was chosen as an ex- 
ample of crystallizable rubbers. 

The characteristics of the carbon blacks employed in this study have been 
described in a previous article’. As before’, the unvulcanized rubber and simple 
rubber-carbon black mixtures were prepared in the form of sheets from benzene 
solutions, and the carbon black-rubber mixtures containing accessory ingredi- 
ents were all vulcanized to the same degree. Table 1 shows the changes of 
physical-mechanical properties of unvulcanized simple mixtures of rubber and 
carbon black in relation to the degree of loading. The test-specimens were 
stretched to the point of rupture at two rates, as shown in Table 1. The 
figures without brackets refer to 550 mm. per min., and the figures in brackets 
to 94 mm. per min. 

The dielectric properties (dielectric constant ¢ and the tangent of the 
angle of dielectric loss tan 6) were recorded at frequencies of 50 to 25 x 10° 
cycles per second at 20° C and at frequencies of 10° to4 X 10‘ cycles per second 
within the temperature limits of —75° to 152° C. 

The dielectric constant ¢’ and the tangent of the angle of dielectric loss tan 
6 of natural rubber show the same kind of change with temperature and fre- 
quency as ¢’ and tan 4 of sodium-butadiene rubber’, if the natural-rubber test- 
specimen is measured under conditions excluding the possibility of crystalliza- 
tion. There are no maxima on either the temperature or the frequency curves 

* Translated for Russex Cuemierny anp Tecuno.ocy from the Kolloidnyi Zhurnal, Vol. 16, pages 
36-43 (1954) 
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Fie. 1 Relation of coefficient of dielectric loss to frequency of alternating field f for unvulcanized 
natural-rubber mixtures containing 10 volumes of (1) channel black; (2) extracted carbon black; (3) 
thermal! black 


of tan 6 (or coefficient of dielectric loss «’ = tan 6). At a frequency of 10° 
cycles per second at 20° C, & = 2.41 and tané = 0.0027. With an increase of 
frequency, tan 6 increases somewhat. Examples of the experimental frequency 
relations of the coefficient of dielectric loss ¢’’ for simple unvulcanized rubber- 
carbon black mixtures (at 20° and 100° C) are shown in Figure 1. 

Proceeding from the experimental frequency-temperature curves for simple 
mixtures, we made an analysis similar to that described in the study of unvul- 
canized mixtures of sodium-butadiene rubber and carbon black*®. The experi- 
mentally obtained coefficient of dielectric loss ¢’’.x,, here consists of three di- 
electric coefficients: (1) the loss coefficient due to the nonuniformity of the 
dielectric €’’ her,; (2) the loss coefficient with a direct current ¢’’.,.; and (3) the 
coefficient of structural loss e€’’:,.. Each of these three losses is caused by the 
presence of carbon black in the mixture. Consequently, as in the case of mix- 
tures of sodium-butadiene rubber, parameters of the equations for ¢’ and e’’ of 
the non-uniform dielectric coefficients were obtained: b, k, ro and e¢,,, and the 


TABLE 2 
Data ror Narurat-Rupper Mixtures Containing CARBON BLACK 


Carbon 
black Parameter Dielectric 
content of distri- permeability Coefficient 
(ee. per bution of at very high of structural Form 
100 g. relaxation frequency dielectric factor 
Filler rubber) times k losses ér. 
Channel black 5 0 0.0077 2.72! 0.050 1.015 
10 1.0 0.071 4. 0.105 2.77 
l 0.8 0.088 5.12 0.145 3.10 


Extracted channel 
gas black 0 0.0085 de 0.045 
0.037 3.66 0.080 
0.069 4. 0.121 


Therma! black f 0.0075 2.7: 0.001 
0.0150 mi 0.031 
0.0216 3.4 0.068 
0.0270 3.f 0.090 
0.0417 j 0.113 
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Fia. 2.—Relation of coefficient of dielectric loss ¢’ to frequency of alternating field f at 20° C for natural 
rubber vulcanizates: (1) unloaded; (2) with 5 volumes of channel black; (3) with 10 volumes of channel 
black; (4) with 15 volumes of thermal black, and (5) with 30 volumes of thermal black, 


























form factor ¢, characterizing the relation of the size of the carbon-black forma- 
tions in the mixture, was also determined. The form factor for carbon black 
which can not undergo structural formation is equal to 1; and, for structure- 
forming carbon blacks, the greater it differs from unity, the stronger is the 
tendency of the carbon black toward structure formation. The results of the 
calculation of these coefficients are summarized in Table 2. With the data 
from this table, it is possible to calculate the values of ¢’ and e’” for any fre- 
quency and temperature. 

At 20° C, the frequency fy, corresponding to the maximum e’’, for rubber 
mixtures with channel carbon black was 2.12 * 10°; for mixtures with extracted 
carbon black, 2.5 « 10°; and with thermal carbon black, 2.68 « 10° cycles per 


second . 


ia 





4 





Fig. 3.—-Frequency-temperature relation of coefficient of dielectric loss ¢’ for an unloaded natural- 
rubber: frequency cycles per sec.: (1) 108; (2) 4 XK 10; (3) 6 & 10°; (4) 27 & 108; (5) 34 & 108: (6) 40 x 
108 
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Later the dielectric properties of loaded vulcanized natural rubbers were 
studied. Examples of the experimental frequency curves of the coefficient of 
dielectric loss: «’’ = ¢’-tan 6 are shown in Figure 2. The existence of a high- 
frequency maximum for the loaded vulcanizates as well as for the vulcanizate 
containing no carbon black (Figure 2, curve 1) is explained by the orientation 
of the “‘sulfur dipoles’’ in the electric field, whereas the low-frequency maximum, 
characteristic only of carbon-black mixtures, regardless of whether the mixture 
is vuleanized (see Figure 1), and not found on either the curves of crude rubber 
or those of the vulcanizate containing no carbon black (Figure 2, curve 1), is 


-_— 


odd 





























“0 a °7] a 
a 
Fie. 4.—Frequency-temperature relation of dielectric permeability ¢ for an unloaded natural-rubber vul- 
canizate ; frequency in cycles per sec.: (1) 10%; (2) 4 & 10°; (3) 6 & 10#; (4) 27 & 108: (5) 40 & 108 


due to the non-uniformity of the rubber-carbon black mixture. Extracting 
from the experimental temperature-frequency relations of ¢’ and e’’ their di- 
polar components (Ae'a;,, and €aip.) by eliminating Ae’non-aip., Ac’ str., 
Ae’ non-dip., €er,, and €’str,, we Obtain curves similar to those shown in Figures 3 
and 4, which were determined experimentally for the vulcanizates containing no 
carbon black. 

Table 3 shows: (1) the frequencies of fuaj,. corresponding to the dipolar 
maximum ¢’4ip, at 20° C; (2) the values of the activation energy of the process 
of dipolar orientation U, calculated according to the displacement of the fre- 
quency Jmaip. With respect to the temperature; (3) the parameter of the times 


TABLe 3 
FREQUENCIES, VALUES OF ACTIVATING ENERGY, PARAMETERS OF 
RELAXATION Times, AND DipoLaR MoMENTS oF 
LOADED VULCANIZATES 


Frequency 
Sudip Activating 
Carbon correspond- energy of 
black ing to the process of Parameter Relative 
content dipolar dipolar of sums of Dipolar change of 
(ee. per maximum orientation, relaxation moment of dielectric 
100 g. of at 20°, U keal times, a monomer, segment 
Filler rubber) «x 10° per g.-mol. (20° C) plo" Ore 


Channel carbon 0.0 22.9 23. 0.425 0.677 fay 
black 5.0 15.0 ! ‘0.415 0.743 1.03 a; 
10.0 2.965 , 0.421 0.722 1.49 a, 
15.0 1.51 7. 0.425 0.699 1.52 a, 


Therma! black 5.0 


4.68 26.65 0.425 0.661 
10.0 3.6 4.7 

l 

l 

l 


ihe 
0.424 0.677 1.01 
0.425 0.681 1.15 
0.425 0.682 1.01 
0.527 0.677 


15.0 
20.0 
10.0 
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Fria. 5.—Relation of relative viscosity to Fie. 6.—Relation of experimental coeffi- 
earbon black content of natural-rubber mix- cient of dielectric loss «’ to frequency / at 
tures: (1) channel black; (2) thermal black. 20° © for vuleanized natural rubber con- 
Relation of relative viscosity to carbon black taining 30 volumes of thermal black. Sepa- 
content of sodium-butadiene mixtures: (3) ration of «exp. into ¢aip., e’ar., and ener 
channel black ; (4) extracted channel black; (5) The ¢”’ values indicated on the curves are, 
thermal black. The abscissa indicates the car- in descending order: ¢’’sexp., ¢'dip., €’net., and 
bon black content in cc. per 100 grams of rub- ee 
ber; the ordinate the relative viscosity. 























of dipolar relaxation a at 20° C; (4) the dipolar moments of the vulcanizates ji, 
calculated for a monomeric unit of rubber; and (5) the relative change of size 
of the dielectric segment dye;,, determined by the formula of Debye: 70 = 
4x -n-a®/k-T for a relaxation time: ro = 1/24-fmaip. and relative viscosity 
frei. The latter was calculated as the relation between the viscosity of a loaded 
mixture and the viscosity of an unloaded mixture, measured under the same 
conditions. As in the case of sodium-butadiene rubber, the nature of the rela- 
tion of the relative viscosity to the loading and temperature remains independ- 
ent of the testing method. 
TABLE 4 
PARAMETERS OF PROCESSES IN NONUNIFORM DIELECTRIC AND OF 
STRUCTURAL POLARIZATION IN LOADED VULCANIZATES 


Carbon 
black Parameter Parameters of 
content of distri- equations for non Coefficient 
(ee. per bution of uniform dielectric of structural Form 
100 « relaxation 7 ~~ dielectric factor 
Filler rubber) times k éqhet loss, «ste oa 


Channel carbon 5.0 1 0.0103 1.10 0.0225 1.07 
black 10.0 1.0 0.0219 9.13 0.080 2.51 
15.0 0.8 0.04 13.0 0.140 3.31 


Thermal black 5.0 0.0051 3.670 0.00 a 
10.0 0.010 +.243 0.004 O 
15.0 . 0.0173 5.79 0.015 5 
20.0 2 0.0175 5.90 0.020 ll 
30.0 . 0.018 8.44 0.030 10 


The viscosity 7 was calculated from data obtained on a Heppler consistom- 
eter for unvuleanized mixtures containing other ingredients in addition to rub- 
ber and carbon black, according to Bartenev’s method‘, as well as from the 
values of the coefficient of mechanical losses (sin @) and the dynamic modulus £, 
determined for the vulcanizates on a Kornfeld apparatus®. The relation of the 
relative viscosity to loading, type of carbon black, and type of rubber is shown 
in Figure 5. 

Table 4 shows analytical data on the components e’ and e’’, with respect to 
the processes in a non-uniform dielectric and structural polarization in loaded 
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Fia. 7.--Relation of the experimental dielectric loss coefficient «exp. to the temperature. (—-O—) at 
10° cycles per second ; (-~ @—) at 4 X 10‘ cycles per second. The sample was a natural-rubber vulcanizate 


” 


containing 30 volumes of thermal carbon black Division of ¢exp. into edip., cnet, and e’ar, The «” 
values indicated on the curves indicate the following values: those between —75° and —50° C, in descend- 


ing order: «ex, exp, and «net; those between —50° and 0° C, in descending order: ¢dip. and esr. ; 
’ ” 


© het, 
those between 50° and 100° C, in descending order: e’exp. and net; that between 100° and 150° C: este 


vuleanizates. Figures 6 and 7 show, in addition to curves of the change of the 
experimental values of ¢’’ with temperature and frequency for a natural-rubber 
vulcanizate containing 30 volumes of thermal carbon black, the changes of 
O dip.s € nowedip. 800 C' ats 

The results, in Tables 3 and 4, although revealing the influence of the struc- 
tural type of the mixture on the characteristics of dipolar orientation (there is a 
direct connection between the change of the form factor @ and the change of the 
value of UL’, a and @ during loading), at the same time show that the above- 
mentioned influence is much less for natural-rubber mixtures than for synthetic 
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Fra. 8.—-Time of relaxation as a function of the temperature for natural-rubber vuleanizates. (1) With 
no filler. (2) With 5 ce. of channel carbon black per 100 grams of rubber. (3) With 10 ec. of channel carbon 
black per 100 grams of rubber. (4) With 15 ec. of thermal carbon black per 100 grams of rubber 





DIELECTRIC PROPERTIES OF RUBBER 91 


sodium-butadiene mixtures®. This circumstance, in fact, is in accord with the 
slight dependence of the physical-mechanical constants of vulcanized natural 
rubber on the degree of loading which was observed. 

It is possible to assume that the influence of the type of filler and rubber on 
the mechanical constants indicated depends, in the last analysis, on the relation 
between the intermolecular energy in the rubber phase on the one hand, and the 
filler particles on the other. This effect is transmitted by the rubber-filler 
bonds. 

As in the preceding study®, we established that the extreme value of the 
parameter of distribution of the time of dipolar relaxation a does not depend on 
the degree of loading and is at 100-120° C (Figure 8). It must be especially 
emphasized that the am,x value for natural rubber is very different from that of 
synthetic rubber. Thus, for the latter, ama, = 0.283, whereas, for the former, 
Qmax = 0.435. This fact serves as a new confirmation of our hypothesis that 
the @max value depends chiefly on the structure of the molecules of the polymer 
itself and not on the intermolecular reaction within the mixture. 

It is not possible to detect the change of ama. brought about by loading, 
but it can be stated that the rubber-carbon bonds which are formed during load- 
ing no longer have any effect on the orientation processes in the rubber phase at 
100-120° C, i.e., they are not strong chemical bonds. At the same time the 
dipolar moment @ is not changed by loading. Evidently the reaction between 
the rubber and filler does not take place along the sulfur dipoles. 


CONCLUSIONS 


1. The temperature and frequency curves of dielectric constant €’ and co- 


efficient of dielectric loss e’’ of unvulcanized natural rubber and simple rubber- 
carbon black mixtures, and also vulcanizates of natural rubber containing vari- 
ous proportions of thermal black or channel black, were studied in the frequency 
range from 50 to 2.5 « 10’ cycles per second at 20° C, and in the temperature 
range from —75° to 152° C at frequencies of 10° to 4 & 10‘ cycles per second. 

2. As in the case of sodium-butadiene mixtures®, the addition of carbon 
black to the rubber leads to three kinds of dielectric losses, viz., a loss due to the 
nonuniformity of the dielectric, a loss due to the passage of a direct current 
(conductivity), and a loss due to structure formation. Vulcanization of rubber 
leads to the appearance of dipolar dielectric losses, which can be explained by the 
orientation of the sulfur dipoles in the electric field. Loading of vulcanizates 
sauses a change of the dipolar dielectric properties, which depend both on the 
content and type of filler and on the type of vulcanized rubber. 

3. For all the types of vulcanizates, the dependence of the dielectric proper- 
ties (a measure of the orientation processes in the rubber phase) on the form 
factor ( a measure of the structure-forming capacity of the carbon black) cor- 
responds to the dependence of the physical-mechanical properties on the carbon 
black content. 
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THE REACTIONS OF AMINES AND SULFUR WITH 
OLEFINS * I. THE REACTION OF DIETHYLAMINE 
AND SULFUR WITH CYCLOHEXENE 


C. G. Moore ann R. W. SAVILLE 


Burrien Russen Praopucers’ Reseancu Association, Wetwyn Garpen Ciry, 
Herrrorpentre, ENGLAND 


One of the main objectives of the work described in this group of papers is 
the utilization of combinations of amine and sulfur to effect the sulfuration of 
mono- and A'*-diolefins. Examination of the role of the amine in determining 
the structural types of the sulfur linkages in the sulfurated product is of import- 
ance, since upon such studies must be based a clearer understanding of the func- 
tion of amines and derived basic compounds as accelerators of sulfur vuleaniza- 
tion 

The formation of complexes between sulfur and secondary amines at room 
temperature was reported by Bedford' and by Levi’. It has now been found 
that treatment of such complexes with polar solvents, such as ethanol, quanti- 
tatively liberates the sulfur in an active form, which converts sodium sulfite into 
thiosulfate at room temperature. Analogous behavior is the action of piper- 
idine at room temperature on variously constituted dialkyl tetrasulfides in 
removing a considerable proportion of the polysulfidic sulfur in the form of the 
complex, the tetrasulfide being largely converted into disulfide. Several 
workers® have suggested that the accelerating effect of amines in rubber vul- 
canization is due to the thermal liberation of active sulfur. However, attempts 
to sulfurize cyclohexene at 60—80° with the complexes from sulfur and various 
secondary amines proved unsuccessful, and it thus seems unlikely that libera- 
tion of active sulfur under these conditions is occurring. Attention was, there- 
fore, directed to the sulfuration capabilities of the amine-sulfur combination at 
140°. 

Reaction of cyclohexene with diethylamine and sulfur at 140° gave a high 
yield of sulfurated products which consisted mainly of dicyclohexyl monosul- 
fide, together with a smaller amount of the disulfide; cyclohexanethiol and di- 
cyclohexy! polysulfides having three or more sulfur atoms in the cross-link were 
formed in negligible amount. A mixture of saturated polymeric products con- 
taining three or more cyclohexane units linked by mono- or disulfide bridges, 
e.g., CeHy, Si-e-CeHio:'S-CeH,, (1), was also obtained, and identified by ele- 
mentary and infrared spectroscopic analysis, by molecular-weight determina- 
tion, and by examination of the products resulting from its reduction with 
lithium aluminum hydride‘. This treatment gave cyclohexanethiol, a thiol 
sulfide, CsHy,-S-CegHjo-SH (II), and an unreducible polymeric material con- 
taining monosulfide bridges, viz., CgH,,-8-CgHio-S-CegH,; (111). There was 
no evidence for the presence in the reduction product of cyclohexanedithiol 
which would have resulted from a polymer of the type C.H,;-S2-CeHi0-S82- 
CoH. It is noteworthy that a sulfurated polymer, obtained from unacceler- 


* Reprinted from the Journal of the Chemical Society (London), June 1954; Part I from pages 2082-2088, 
Part Ll from pages 2089-2004, and Part III from pages 2094-2103. 
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ated sulfur-olefin interaction, was reported by Armstrong, Little, and Doak®, 
but was not examined. 

The fully saturated and predominantly mono- and disulfidic nature of the 
present products contrasts markedly with the apparent alkyl alkenyl nature of 
the polysulfide obtained by Farmer and Shipley® from the reaction of sulfur 
with cyclohexene’ at 140°. On the other hand, the present results recall the 
work of Naylor®, who found that polar addition of hydrogen sulfide to monoole- 
fins at 140° gave alkanethiols and alkyl mono- and disulfides, though in yields 
considerably inferior to those now obtained. 

Sulfurated nitrogenous compounds, derived from the reaction of diethyl- 
amine and sulfur, were isolated and characterized as N-ethylthioacetamide 
(IV), N,N-diethylthioacetamide (V), and diethylammonium hydrogen sulfide 
(VI), the last two compounds being isolated in minor amounts only. The 
possible formation of N,N’-thiobisdiethylamine, S(NEt2)2 (VII), and of the 
corresponding polysulfides was ruled out, since an authentic sample of (VII) 
readily formed a crystalline water-soluble thionate with sulfurous acid’, 
whereas this reagent failed to remove the nitrogenous component from the 
dicyclohexy! sulfide fractions. Infrared spectroscopic examination also failed 
to reveal the presence of any N,N’-thioamines, (Et,.N).S,. The existence of 
both thione and thiol forms of (IV), CH;-CS-NHEt and CH,;-C(-SH): NEt, 
suggested the possible formation of the cyclohexylthio derivative, CH s-C- 
(: NEt)-S-C,Hy, by reaction of (IV) with cyclohexene, but no evidence of such 
addition was found. Similarly, diethyleyclohexylamine was not formed when 
diethylamine was heated with cyclohexene at 140°, in contrast to the known 
addition of amines to activated double bonds”. 

Independent investigation of the reaction of diethylamine and sulfur at 
140° revealed that both (IV) and (VI) were major products, formed by replace- 
ment of the a-methylenic hydrogen atoms of the amine by sulfur, as represented 
formally by (1): 


CH;-CH,- NHEt + 28 + HS + CH;-CS:-NHEt (IV) (1) 


A minor product of this reaction was (V), whose formation is attributed to the 
alkylation process (2). This compound also resulted from the reaction between 
sulfur and triethylamine" at 140°. 


NHEt. + CH,-CS-NHEt — +» NH»Et + CH3-CS:NEt, (V) (2) 


Mechanism of the cyclohexene sulfuration reaction.—It is considered that a 
major sulfurating agent in the reaction at 140° of diethylamine and sulfur with 
cyclohexene is diethylammonium hydrogen sulfide (VI). Polar addition of 
(VI) to the olefin gives cyclohexanethiol, which then undergoes: (1) further 
polar addition to give dicyclohexyl monosulfide, and (2) base-catalyzed oxida 
tion by sulfur to give dicyclohexyl di- and polysulfides and more hydrogen 
sulfide, a reaction known to be rapid even at room temperature.” 

Cie CoH yyS-C,H,, 
bet 


—_— i) 


C,H, + NH,Et,*}SH> ——» C,H,,SH 


(V1) i 
Base C,H, ,°S,°C,H,; 


Compelling evidence for the ionic course of these reactions is presented in Part 
II (following paper), where it is shown that the thiols and sulfides obtained 
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from the comparable sulfuration of trialkylethylenes invariably have a fert- 
alkyl configuration. 

The absence of cyclohexanethiol, in contrast to the results of Naylor®, and 
the isolation of a considerable proportion of the monosulfide indicate the ease 
with which path (1) is followed. This was initially considered to be due to 
base catalysis of addition of hydrogen sulfide and thiol to the olefin, especially 
since such catalysis has already been observed”. However, this explanation is 
inadequate, since reaction of (V1) with cyclohexene at 140° in the presence of a 
small amount of sulfur gives poor yields of the thiol and monosulfide, with high 
recovery of hydrogen sulfide. 

The predominantly disulfidic nature of the dicyclohexy! polysulfide fraction 
is probably due to two factors: first, the insufficiency of sulfur, through its 
prior reaction with the amine (higher polysulfides are formed only when high 
proportions of sulfur are available in the base-catalyzed thiol oxidation); and, 
second, the removal of the central sulfur atoms in the polysulfide by the amine 
as referred to above. The sulfur so removed becomes available for reaction 
with the amine according to (1) and for subsequent olefin sulfuration processes. 
The absence of any reaction between dialky! disulfides and secondary amines at 
140°, however, precludes the possibility of any dicyclohexy! monosulfide being 
formed by a sulfur-stripping process of the above type. 

Undoubtedly olefin-sulfur interaction leading to alkyl! alkenyl polysulfides® 
competes initially with the amine-sulfur and ensuing addition reactions de- 
picted above, and such competition may well be facilitated by amine catalysis, 
since it is known that amines increase the rate of sulfur-rubber combination". 
However, the exclusively saturated nature of the products indicates that the 


cyclohexenyl cyclohexyl polysulfide initially formed must undergo further 
additive sulfuration by means of (VI) and cyclohexanethiol, and thus acts as 
the precursor of the observed saturated polymeric sulfides (4). The mono- 
and disulfidie nature of the sulfur linkages in the polymer is again due to the 
incursion of the amine-polysulfide desulfuration process described above: 


S-Base 
1 CoH yy SyvC oH yySH —e (CHSC gH y9°5-), 
C,H, 


— 


ol 
“sq = C,H, ,°S,°C,H 9°S’C,H,, 

It is believed that olefinic sulfuration processes of the above type would 
occur, with only minor modifications, were diethylamine to be substituted by 
most classes of aliphatic and aromatic amines, since the latter readily liberate 
hydrogen sulfide on reaction with sulfur at elevated temperatures'®. Only the 
combined absence of amino-hydrogen and methylene groups vicinal to the 
nitrogen atom prevents the formation of hydrogen sulfide®. An example of 
this class of amine is dimethylaniline, and it is noteworthy that reaction of this 
amine with cyclohexene and sulfur at 140° yielded alkyl alkenyl polysulfides 
comparable to those obtained from the cyclohexene-sulfur reaction. This 
finding further supports the view that diethylamine-sulfur interaction accord- 
ing to (1) is an essential prior step to the subsequent additive sulfuration of the 
olefin by (VI) and cyclohexanethiol. 

Sulfuration of olefins with N,N'-thiobisamines.—Bedford' was the first to 
show that N,N’-thiobisamines effectively vulcanize rubber, and this has since 
been confirmed by Blake'®, Hand'’, and Beaver and Throdahl'*. More re- 





DIETHYLAMINE, SULFUR, AND CYCLOHEXENE 95 


cently these compounds, particularly N,N’-dithiobismorpholine, have come 
into prominence as vulcanizing agents which impart reduced scorching and 
superior aging characteristics to furnace-black stocks”. It is thus of import- 
ance to study the function of such compounds as olefinic sulfurating agents and 
the results of a preliminary study with N,N’-thiobisdiethylamine (VII) are 
now described. Reaction of (VII) with cyclohexene at 140° yielded dicyclo- 
hexyl mono- and disulfides, diethylamine, and (IV), together with much un- 
identified material of high molecular weight. The reaction characteristics in 
this case thus closely resemble those of the diethylamine-sulfur-cyclohexene 
system, and it would seem that similar sulfurating mechanisms are operative. 
This conclusion is strengthened by the behavior of (VII) on thermal decomposi- 
tion at 140°, for diethylamine, (IV), (V), and (VI) were formed, the infrared 
spectra of the reaction products being very similar to those from the diethy|- 
amine sulfur reaction at 140°. Investigations are continuing of the olefinic- 
sulfuration capabilities and thermal decomposition characteristics of (VII) and 
related compounds. 
EXPERIMENTAL 


Infrared spectra were recorded on a Grubb-Parsons single-beam spectrom- 
eter. Micro-analyses were conducted under the supervision of W. T. Chambers 

Materials.—Cyclohexene, freed from peroxide and distilled from sodium 
under nitrogen, had b.p. 82.5-82.6°/755 mm., n° 1.4472 (Found: C, 87.8; H, 
12.25. Cale. for CgsHy: C, 87.7; H, 12.3%). Infrared analysis showed the 
absence of carbonyl and hydroxyl groups. Sulfur was purified by Bacon and 
Fanelli’s method”, Diethylamine, dried (KOH) and fractionated, had b.p. 
55.0°/765 mm., n2° 1.3855. Infrared analysis confirmed the absence of tri- 
ethylamine. 

Action of piperidine on sulfur and alkyl tetrasulfides at room temperature. 
(With G. H. Thomas and R. F. Naylor.)—A mixture of piperdine (10 g.) and 
sulfur (3 g.) in benzene (10 ml.) readily precipitated a dark orange complex on 
storage under nitrogen. Removal of the solvent and excess of piperdine by 
evaporative distillation in vacuo at room temperature yielded the complex as a 
dark orange, viscous oil (Found: C, 45.85; H, 7.5; N, 8.15. CyoHe2NoS4,hCoeHs 
requires C, 46.3; H, 7.4; N, 8.8%). Dilution of the complex, similarly derived 
from sulfur (3.2 g.) and piperidine (8.6 g.), with ethanol precipitated sulfur 
(3.1 g.), which on treatment with aqueous sodium sulfite, rapidly dissolved to 
give sodium thiosulfate. Acidification of the ethanolic filtrate with ethanolic 
hydrogen chloride (15 g.; 40% solution) and evaporation in vacuo gave piperi- 
dine hydrochloride (9.7 g.), and extraction of the filtrate with water gave 
further sulfur (0.07 g.; total recovery 99%). 

Diisopropy! tetrasulfide (6.4 g., 1 mol.), b.p. 67.5-70°/0.04 mm., n2° 1.5842 
(Found: C, 33.55; H, 6.4; S, 60.15. Cale. for CsHy4S4: C, 33.6; H, 6.6; 8, 
59.8%), was mixed with piperidine (4 mol.) and kept at room temperature for 
24 hrs. under nitrogen. The dark brown product was taken up in ether and 
shaken successively with 40% aqueous sodium sulfite, water, 2N hydrochloric 
acid, and aqueous sodium hydrogen carbonate. After drying (MgSO,) and 
removal of the solvent, the product was distilled to give: (1) b.p. 56-59°/10 
mm., n2° 1.4952 (1.52 g.) (Found: 8, 43.65%), (2) b.p. 60-65°/10 mm., n° 
1.5052 (1.29 g.) (Found: 8, 46.5%), (3) b.p. 45-60°/0.1 mm., n?2° 1.5281 
(1.47 g.) (Found: 8, 51.35%), (4) residue (0.19 g.) (Found: 8, 51.9. Cale. for 
CeHyS2: 8, 42.7%. Cale. for CeHuSs2: 8, 52.7%) Acidification of the sulfite 
extract gave sulfur (1.22 g.). The mild sulfite treatment used did not itself 
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remove any of the combined sulfur of the tetrasulfide. Similar results were 
obtained with di-n-butyl, di-tert-butyl, and dibenzyl tetrasulfides, the last 
giving ~70% of dibenzyl disulfide, m.p. 70—-71° (Found: 8, 26.0. cale. for 
CyHyS2: 8, 26.0%). The ease of desulfuration of the tetrasulfides by piper- 
idine followed the order: dibenzyl- > di-n-butyl- > di-isopropyl- > di-tert- 
butyl. 

Attempted low-temperature sulfuration of cyclohexene.—A mixture of sulfur 
(5.0 g.), diethylamine (15 g.), and cyclohexene (25 g.) was heated under 
nitrogen for 6 hrs. at about 60°. Removal of excess of amine and olefin on the 
water-bath and addition of water to the residue gave unchanged sulfur (4.8 g.) 
and a liquid fraction, which, on distillation, gave no sulfurated product. A 
similar reaction with piperidine at 55-60° for 4 hrs. gave only a tar, which 
slowly liberated sulfur with water. Use of dicyclohexylamine at about 80° 
was likewise unsuccessful. 

Reaction of diethylamine and sulfur at 140°.—A mixture of the amine (30 g.) 
and sulfur (10 g.) was heated at <10~* mm. in a Carius tube at 140° + 1° 
with gentle shaking for 24 hrs. Diethylammonium hydrogen sulfide (9.3 g.) 
was filtered off under nitrogen from the liquid product, and after being washed 
with a little ice-cold ether and further purified by repeated vacuum sublima- 
tion, was identical with an authentic sample*' [m.p. and mixed m.p. (sealed- 
tube) 57-62°]. No unreacted sulfur remained after the sublimation. The 
reddish brown filtrate, after removal of unchanged amine, gave a product 
(15.4 g.), p.b. 62-68°/0.05 mm., shown by elementary and spectroscopic 
analysis to be mainly (1V), with a little (V). When this material was heated 
with aqueous sodium hydroxide, it gave ethylamine, and on refluxing for 1 hr. 
with 50% hydrochloric acid, it gave hydrogen sulfide and acetic acid, the latter 
being identified by its S-benzylthiuronium salt, m.p. and mixed m.p. 136—137° 
Raney-nickel hydrogenolysis of the material gave diethylamine, identified as 
its toluene-p-sulfony! derivative, m.p. and mixed m.p. 60°. Reaction with 
methyl iodide afforded a liquid methiodide, which gave with alkali, and sub- 
sequent fractionation, N-ethyl-S-methylisothioacetamide, b.p. 44-48°/12 mm., 
n® 1.4893 (Found: C, 51.55; H, 9.45; N, 11.9. CsHiNS requires C, 51.3; H, 
9.4; N, 11.9%). These reactions establish (IV) as a major component of the 
above material, and this was confirmed by the close identity of its ultraviolet 
absorption spectrum with that of synthetic (IV). 

A second experiment with the same quantities of amine and sulfur heated 
for 5 hrs. at 140° + 0.5° gave (VI), unreacted sulfur (6.6 g.), and the ligroin- 
insoluble material (5.1 g.) consisting of (IV? and (V), b.p. 66-67°/0.02 mm., 
n° 1.5525 (Found: C, 49.5; H, 9.2; N, 12.4%). 

Synthesis of N-ethylthioacetamide (I1V).—This compound, synthesized from 
ethylamine and either thioacetamide or n-propyl thionacetate, had b.p. 63 
66°/0.02 mm., n?° 1.5590 (4.2 g.) (Found: C, 46.6; H, 8.9; N, 14.3. Cale. for 
C,H,NS: C, 46.6; H, 8.7; N, 13.6%). Light absorption: max., 2640, 3260 A: 
€, 1260, 5.4, respectively 

When (IV) was heated in vacuo at 140° + 1° for 20 hrs, it was recovered 
completely unchanged, as revealed by elementary and infrared analysis. 

Reaction of triethylamine and sulfur at 140°.—Triethylamine (40 g.; b.p. 
89.5°/759 mm.; n?° 1.4003) and sulfur (10 g.) were heated at <10~* mm. in a 
Carius tube at 140° + 1° for 21 hrs. After removal of carbonaceous matter 
(3.9 g.) in nitrogen, the filtrate was evaporated on the steam bath under re- 
duced pressure. Distillation of the residue gave (V), b.p. 68-70°/0.5 mm. 
(17.5 g.); redistillation gave a colorless liquid, b.p. 63-64°/0.1 mm., n2° 1.5445 
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(Found: C, 54.2; H, 9.7; M, 10.5; S, 25.3. Cale. for CsHi3;NS: C, 54.9; H, 
9.9; N, 10.7; 8, 24.4%). 

Synthesis of N,N-diethylthioacetamide (V).—(1) N,N-Diethylacetamide 
(5.75 g.; b.p. 70-72°/10 mm.; n?° 1.4390 (Found: C, 62.75; H, 11.55; N, 12.4 
Cale. for CeH,,0N: C, 62.6; H, 11.3; N, 12.2%) ] was refluxed with phosphorus 
pentasulfide (2.3 g.) in benzene (20 ml.) for 10 min., to give (V), b.p. 55°/0.07 
mm., n?° 1.5298 (4.5 g.) (Found: C, 54.3; H, 9.9; N, 11.1; 8, 22.7. Cale. for 
CeHi,NS: C, 54.9; H, 9.9; N, 10.7; 8, 24.7%), containing a little of the un- 
changed amide. Comparison of the infrared spectrum of this material with that 
of the sulfur-triethylamine product revealed practical identity; in particular, 
strong bands at 1282, 1242, 1031, 928, and 839 cm.~' were present in both spec- 
tra, but absent from the spectrum of (IV) 

(2) On heating a mixture of ([V) (4.0 g.) and diethylamine (5.0 g.) in 
vacuo at 140° + 1° for 20 hrs. and fractionation of the product, there were 
obtained two fractions: (1) b.p. 53-66°/0.1 mm., n2° 1.5552 (2.1 g.) (Found: 
C, 47.3; H, 8.75; N, 13.7%), and (2) b.p. 66-68°/0.1 mm., n?° 1.5595 (1.6 g.) 
(Found: C, 46.9; H, 8.8; N, 13.3%). The infrared spectra of (1) and (2) were 
practically identical, and indicated that both were mainly unchanged (IV) 
However, five bands at 1282, 1242, 1031, 928, and 839 em. (referred to above) 
indicated the presence of a minor amount of (V). 

Reaction of diethylamine and sulfur with cyclohexene at 140°. ) The amine 
(30 g.), sulfur (10 g.), and the olefin (50 g.) were heated in vacuo vie 10-* mm.) 
in a Carius tube at 140° + 1° for 21 hrs, with gentle rocking. The cooled 
product was filtered under nitrogen to remove (VI) (2.1 g.), and then freed from 
amine and olefin by evaporation under reduced pressure. Addition of excess 
of ligroin (b.p. 40-60°) precipitated an oil (1) (4.5 g.), and the main ligroin 
solution, on extraction with 50% hydrochloric acid (3 & 25 ml.), gave an 
extract (ii). The ligroin solution was washed with aqueous sodium hydrogen 
carbonate, then water, and dried (CaCle). The absence of thiol in the solution 
was confirmed by a negative reaction with copper butyl phthalate. Removal 
of the solvent gave a main product (26.0 g.) which on fractionation in nitrogen 


Found (%) uv 
Fraction Wt. — a (ebull 
no. B.p./mm. (g.) Cc N 8 oF Np in CeHe) 


0.27 17.4 $ 5181 190 
0.32 17.4 ‘: 5185 

0.A4 17.85 $ 5235 201 
0.40 26.45 5:10. 5610 

0.38 26.3 10. 5622 303 
0.37 27.2 : 1.5693 350 
0 16.2 ; 198 
0 27.8 : 230 


(iii) ~60°/0.02 mm. 4.35 
(iv) 75-78°/0.05 mm. 5.41 
(v) 78-82°/0.05 mm. 3.30 


On 


(vii) at 120-140° 


(vi) 


(vi) for abot distn. 2.4 


Cale. for CuHnS 
Cale. for CuHaS: 


Remi ban od 


a 


— 


gave fractions as shown in the Table. The final residue (ix) (2.20 g.) was dis- 
solved in benzene and chromatographed on alumina. After elution with benz- 
ene, followed by ligroin containing 2% of ethanol, the solvent was removed from 
the eluate to give a clear yellow glass, which was dried at <10-* mm. [Found: 
C, 61.9; H, 8.35; N, 0.33; 8, 30.4%; M (ebullioscopiec in benzene), 520]. 
Examination “of the fractions. —F raction (i), on distillation, gave a main 4 

tion, a colorless liquid (4.1 g.), b.p. 67-68°/0.05 mm., n2° 1.5485 (Found: 
53.5; H, 9.35; N, 9.9; 8, 26.6%), shown by infrared analysis to be a: Fe 
N-ethylthioacetamide (IV), with minor amounts of (V) and cyclohexy] sulfides 
The acidic extract (ii) was made just alkaline at 0°, and the resultant oil taken 
up in chloroform, dried (Na28O,4), and distilled, to give a main fraction, b.p. 
58-60°/0.02 mm. (4.1 g.), n?° 1.5490 (Found: C, 52.0; H, 9.25; N, 12.1; S, 
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25.7%), shown by infrared analysis to be (IV), with a minor amount of (V). 
The infrared spectra, elementary analysis, and molecular weights of fractions 
(iii)~(ix) indicated that the earlier fractions (iii)—-(v) were entirely dicyclohexy| 
mono- and disulfides, and the later fractions (vi)—(ix) were saturated polymeric 
sulfides (1); the absence of unsaturation due to cyclohexenyl groups was 
definitely established. The ultraviolet absorption of the recovered olefin indi- 
cated only about 1% of benzene and negligible cyclohexa-1 ,3-diene. 

Hydrogenolysis of the sulfurated polymer.—The sulfurated polymeric frac- 
tions, typified by (vi)—(ix) above, from various experiments were combined and 
chromatographed on alumina as described for (ix) [Found: C, 64.2; H, 9.2; 
8, 26.0%; M (ebullioscopic in benzene), 315. Cale. for CygHgeS3: C, 62.8; 
H, 9.3; 8, 27.9%; M, 344. Cale. for CysH3e82: C, 69.2; H, 10.25; 8, 20.5%; 
M, 312]. The polymer (8.0 g.) was slowly added to a stirred suspension of 
lithium aluminum hydride (4.0 g.) in tetrahydrofuran (100 ml.) and then re- 
fluxed for 3 hrs. On decomposition with ice and 2 N sulfuric acid, no hydrogen 
sulfide was evolved, indicating the complete absence of polysulfide groups. 
Working up of the product in the usual way gave a material which on fraction- 
ation yielded: (i) eyclohexanethiol, b.p. ~74°/42 mm. (1.75 g.), n3° 1.4830 
(Found: C, 62.4; H, 10.4; 8, 26.4%; C:H, 6:12. Cale. for CsH).8: C, 62.1; 
H, 10.3; 8, 27.65%), containing a trace of tetrahydrofuran [infrared analysis 
confirmed the presence of both these compounds, and treatment of (i) with hot 
aqueous mercuric cyanide yielded the mercuric salt, m.p. and mixed m.p. with 
an authentic sample, 71°]; (ii) b.p. 90°/0.05 mm. (2.30 g.), n3° 1.5502 [Found : 
C, 62.5; H, 9.35; 8, 26.65; SH, 15.6%; M (ebullioscopic in benzene), 214. 
Cale. for Cy,HeeS.: C, 62.6; H, 9.55; 8, 27.8; SH, 14.8%; M, 230]; and (iii) 
distilled in a short-path still at 120-135° (3.1 g.), nj’ 1.5530 [Found: C, 67.8; 
H, 9.8; 8, 21.75%; M (ebullioscopic in benzene), 293. Calc. for CygHge8e: C, 
69.2; H, 10.25; 8, 20.5%; M, 312]. Infrared analysis of (ii) showed the com- 
plete absence of unsaturated groups, and the spectrum resembled that of the 
original sulfide in many respects, except that a strong thiol band was now pres- 
ent due to the thiol sulfide (II). Similar examination of (iii) indicated that this 
fraction contained little thiol, but was otherwise generally similar to (ii). The 
spectrum was almost identical with that of the original sulfurated polymer, and 
the combined analytical and spectroscopic data indicate (iii) to be mainly the 
dicyclohexylthiocyclohexane (III). The thiol content of (ii) is slightly higher 
than is consistent with pure (II), and this must be attributed to the presence of 
cyclohexanethiol or, possibly, to traces of cyclohexanedithiol, but positive 
evidence was lacking for the latter. 

(2) Repetition of the sulfuration process, as described under (1) above, 
except for a reaction time of 5 hrs., gave the ligroin-insoluble oil and (VI), with 
a main sulfide product (20.4 g.). The latter was extracted with 15% sulfurous 
acid, washed with water, dried, and fractionated to give: (i) b.p. 60-65°/0.04 
mm. (3.8 g.), n2° 1.5400 (Found: C, 57.05; H, 9.9; N, 8.5; 8, 22.6%); (ii) b.p. 
65~-95°/0.04 mm. (3.55 g), n2 1.5360 (Found: C, 62.85; H, 10.15; N, 4.5; 8, 
21.85%); (iii) b.p. 95-105°/0.04 mm. (1.35 g.), n2° 1.5488 (Found: C, 62.15; H, 
9.35; N, 0.82; 8, 27.3%); (iv) “molecular” distillate (1.60 g), n° 1.5740 (Found: 
C, 60.2; H, 8.7; N, 1.0; 8, 30.2%); (v) “molecular” distillate (1.61 g.), n?° 
1.5772 (Found: C, 59.8; H, 8.7; N, 0.75;8, 30.85%) ; and a residue (vi) (5.30 g.), 
chromatographed in the usual manner [Found: N, 1.5; 8, 33.05%; M (ebulli- 
oscopic in benzene), 458]. Prolonged extraction of (i) and (ii) with sulfurous 
acid failed to remove the nitrogenous material, and the acidic extract on evap- 
oration was free from thionate. Infrared analysis of (i)-(v) again confirmed 
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cyclohexyl sulfides to be major components, cyclohexeny! groups definitely 
being absent. Comparison of the spectra with those of authentic N,N’- 
thiobisamines (EteN).S, indicated the absence of the latter, the nitrogenous 
component being characterized as a mixture of the thioamides (IV) and (V). 

Independent experiments showed (1) that treatment of V,N’-monothio- 
bisdiethylamine (VII) with 15% sulfurous acid readily gave the corresponding 
trithionate as white needles, m.p. 151°, from ethanol’, that repeated extraction 
of an authentic mixture of (VIT) and dicyclohexyl monosulfide with 15% sul- 
furous acid effected complete separation of the two components, the forme: 
being obtained as the corresponding water-soluble trithionate in 90-95% yield. 

Reaction of diethylammonium hydrogen sulfide (V1) with cyclohexene at 140' 

Diethylamine (50 ml.), cyclohexene (50 ml.), and sulfur (0.4 g.) were heated 
with hydrogen sulfide (~4.5 g.) in a nitrogen-filled Carius tube for 22 hrs. at 
140°. After removal of (VI) (4.2 g.) by filtration, fractionation gave (1) 
unchanged amine and olefin, b.p. 40-80°/760 mm., (2) b.p. 60-80°/25 mm 
(0.8 g.), n2° 1.4890 (Found: C, 67.15; H, 10.8; N, 0.43; 8, 23.0%), (3) b.p. 
64-84°/0.1 mm. (2.2 g.), n2° 1.5272 (Found: C, 64.2; H, 10.45; N, 3.5; 8, 
20.9%). Infrared analysis indicated that (2) was mainly cyclohexanethiol and 
(3) a mixture of dicyclohexy! sulfides and (V). 

Reaction of dimethylaniline and sulfur at 140°.—When the amine (30 ml.) and 
sulfur (6.4 g.) were heated under reflux in nitrogen for 5 hrs. at 140°, then cooled 
and filtered, the majority (5.8 g.) of the sulfur was recovered, and the filtrate 
yielded only unchanged amine. 

Reaction of dimethylaniline and sulfur with cyclohezene.—The amine (30 
ml.), sulfur (5 g.), and olefin (25 g.) were heated in pure nitrogen for 5 hrs. at 
140°. Recovered sulfur (1.48 g.) was isolated by taking up the product in ice- 
cold ligroin. The filtrate was freed from solvent, and the residue fractionated 
to give: (1) recovered amine, b.p. 74-75°/11 mm. (35 g., 28.0 ml.), n2° 1.5587 
(Found: C, 79.2; H, 9.05. Cale. for CgHi,N: C, 79.3; H, 9.1%), and (2) a 
dark viscous residue, which was dissolved in benzene, extracted with 50% 
hydrochloric acid, washed with water, dried, and chromatographed on alumina 
to yield, after removal of the solvent, a polysulfide (4.8 g.) containing traces of 
unreacted sulfur (Found: C, 34.5; H, 4.55; N, 0.18%; C:H, 6:9.5). Infrared 
analysis of this material revealed the presence of cyclohexenyl groups, the 
spectrum closely resembling that of the polysulfide obtained from reaction of 
sulfur and cyclohexene at 140°, and being different from those of the cyclohexy! 
sulfides obtained from the diethylamine-sulfur-cyclohexene reaction described 
above. 

Synthesis of N,N’-mono- and polythiobisdiethylamines.—(1) The compound 
(VII), prepared according to Blake”, was obtained as a faintly yellow liquid, 
b.p. 78°/10 mm., n2° 1.4622 (73%) (Found: N, 15.9;8, 18.35. Cale. for CgHyo- 
N.S: N, 15.9; 8, 18.2%). 

(2) The N,N’-dithiobisamine, obtained from diethylamine and sulfur mono- 
chloride (purified by repeated distillation over sulfur under reduced pressure) 
according to Throdahl and Harman” (loc. cit.), had b.p. 74.5°/0.05 mm., n2° 
1.5132 (Found: N, 13.0;8, 30.6, 30.8. Cale. for CgHeoNeSe: N, 13.4;8, 30.8%) 

(3) The N,N’-trithiobisamine*® was obtained as a light yellow liquid, b.p 
101.5-103.5°/0.3 mm., n?° 1.5428 (Found: N, 11.5; 8, 39.3. Cale. for CgHoo- 
N»S3: N, 11.6; 8, 40.0%). Infrared analysis confirmed the absence of the 
above N,N’-thioamines from the sulfur-amine-cyclohexene reaction product. 

Thermal decomposition of N,N’-monothiobisdiethylamine (VII).—This com- 
pound (2.40 g.) was heated in vacuo at 140° + 1° for 21 hrs. The resulting 
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dark brown liquid was distilled at 50 mm., and the distillate collected in a trap 
cooled in liquid air. The distillate contained diethylamine, characterized as 
its toluene-p-sulfonate, m.p. and mixed m.p. 58-59°. During the distillation, 
diethylammonium hydrogen sulfide (VI) collected in the condenser. The 
residual liquid (1.50 g.) on distillation gave a main fraction, b.p. 50-54°/0.1 
mm., 2% 1.5515 (Found: N, 12.3; 8, 27.55%), shown by infrared analysis to be 
mainly ([V), but additional bands at 839, 928, 1031, 1242, and 1282 em.~'! 
indicated a minor amount of (V). The formation of (IV) was further con- 
firmed by the chemical methods described. An undistillable tar (0.80 g.) 
which remained from the above distillation was not further examined. 

Reaction of (VII) with cycloherene.—The compound (VII) (17.6 g., 0.1 
mole) and the olefin (41 g., 0.5 mole) were heated in vacuo for 21 hrs. at 140° 
+1°. Treatment of the product with ligroin, followed by filtration, afforded 
an insoluble tar together with crystalline (VI) from the main soluble material. 
The latter, after removal of volatile material, gave a product (11.5 g.) which on 
distillation gave: (i) b.p. ~70°/0.05 mm., n?° 1.5330 (1.0 g.) (Found: C, 59.8; 
H, 9.85; N, 8.25; 8, 20.35%); (ii) b.p. 70-80°/0.05 mm., n2° 1.5352 (1.1 g.) 
(Found: C, 59.4; H, 9.9; N, 7.45; 8, 22.3%); (iii) b.p. 80-85°/0.05 mm., n?° 
1.5332 (0.6 g.) (Found: C, 65.1; H, 10.05; N, 5.05; 8, 19.3%). Extensive 
decomposition set in at this stage, and no further attempt was made to frac- 
tionate the residual tar (Found: N, 3.45; 8, 27.3%). The infrared spectra of 
(i)—(iii) were similar, and showed the presence of dicyclohexy! sulfides and 
(IV), and the absence of cyclohexeny! groups and (VII). 

In a second experiment, (VII) (10 g.) and cyclohexene (20 g.) were heated 
for 16 hrs. at 140° + 1°. After separation of tar (1 g.), the liquid product was 
distilled at 20°/12 mm., and the distillate collected in a trap cooled in liquid air. 
Water was added to the distillate, and the mixture was titrated with standard 
hydrochloric acid to estimate the diethylamine (Found: 5.29 g.). The cyclo- 
hexene layer of this distillate was separated, washed, dried, and distilled to give 
the olefin, b.p. 82°/760 mm., n2?° 1.4468, without a residue, thus confirming that 
the basic material was diethylamine and not unchanged (VII). 

Reactions of N-ethylthioacetamide (IV).—(1) Action on cyclohexene.—The 
olefin (5 g.) and (IV) (3.15 g.), b.p. 70-72°/0.1 mm., n?° 1.5600, were heated in 
vacuo for 20 hrs. at 140° + 1°. The product consisted of unchanged olefin 
and a separate layer, b.p. 50-52°/0.02 mm., n2° 1.5601 (2.90 g.), which was 
shown by infrared analysis to be unchanged (IV). 

(2) Separation from cycloheryl sulfides.—A mixture of cyclohexy! sulfides 
and (IV), b.p. 96-100°/2 mm. (Found: N, 6.4%), was dissolved in ligroin (40 
ml.) and extracted with cold 50% hydrochloric acid (2 K 30 ml.). The ligroin 
layer yielded on distillation a fraction, b.p. 93-97°/1 mm. (Found: N, 0.17%), 
the infrared spectrum of which showed the absence of (IV). 

(3) Catalysis of thiol oxidation by sulfur.—Ethanethiol (8.4 g.) was mixed 
with sulfur (4.3 g.) and (IV) (0.1 g.) at room temperature. After a short in- 
duction period, hydrogen sulfide was evolved, and the product on fractionation 
gave a mixture of diethyl di- and polysulfides. 

Non-reaction of diethylamine with cyclohexene.—A mixture of the amine (3 g.) 
and olefin (5 g.) was heated in vacuo for 21 hrs. at 140° + 1°. On distillation 
of the product, only unchanged reactants, b.p. 56-82°/760 mm. (7.2 g.), were 
isolated. 

Non-reaction of dicyclohexylamine with dimethyl disulfide at 140°.—The amine 
(4.5 g., 0.025 mole) and the disulfide (2.35 g.; 0.025 mole; n2° 1.5200) were 
heated in pure nitrogen for 5 hrs. at 140° + 1°. Fractionation of the produ 

et 
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gave unchanged disulfide, b.p. 104—108°/760 mm., n?° 1.5208, and amine, b.p 
118-120°/10 mm., n?° 1.4875. No dimethyl monosulfide was detectable 


SUMMARY 


The reaction of diethylamine and sulfur with cyclohexene at 140° yields 
dieyelohexy] monosulfide and disulfide and also saturated polymeric products, 
CH11-S,-(CeHio)-S,-CeHi1, containing cyclohexane units linked by sulfur, 
where z is 1 or 2. N-Ethylthioac etamide (IV) is formed as a major product; 
minor products include N,N-diethylthioacetamide (V) and diethylammonium 
hydrogen sulfide (VI), IV, V, and VI are formed also by the reaction of diethyl- 
amine with sulfur at 140°. The mechanisms of the olefin-sulfuration processes 
are discussed. 
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Il. THE REACTION OF DIETHLAMINE AND SULFUR 
WITH TRIALKYLETHYLENES 


C. G. Moore ann R. W. SAVILLE 


Berrien Rosser Propvcers’ Reseancn Association, Wetwyn Garpen Cry, 
Hertrorpsninxe, ENGLanp 


The use of the diethylamine-sulfur combination for the sulfuration of cyclo- 
hexene' at 140° has been extended to the trialkylethylenes, R-CMe:CHR’, 
which are used as the simplest analogs of rubber hydrocarbon. The reaction 
characteristics observed with cyclohexene indicated that a major sulfurating 
agent was hydrogen sulfide, formed by prior interaction of the amine and sulfur, 
and it was argued that trialkylethylenes would react first to give the intermedi- 
ate tert.-alkanethiol, R-CMe(SH)-CH.R’, by polar addition of hydrogen sul- 
fide, which would combine with a second olefin molecule to give a di-tert.-alky| 
monosulfide : 


Hs Olefin 
R-CMe:CHR’ —+ R-CMe(SH)-CH,R’ —»+ §(CMeR-CH,R’), (1) 


i-xamination of the reaction of diethylamine and sulfur with 1-1-methyleyclo- 
hexene at 140° established the polar nature of the sulfuration process, but also 
revealed significant differences from the analogous reaction with cyclohexene 
and the reactions represented by (1) above, viz., (1) a considerably lower yield 
of sulfurated product comprising 1-methyleyclohexane-1l-thiol (1), a major 
amount of di-(1-methyleyclohexy]) disulfide (I1; z = 2), and a minor amount 
of the sulfurated polymer typical of that formed in the cyclohexene reaction’ 
(Part 1); (2) the absence of di-(1-methyleyclohexyl) monosulfide (II; 7 = 1); 
and (3) the isolation of a considerable amount of diethylammonium hydrogen 
sulfide, consistent with (1) above. It is noteworthy, however, that the degree 
of sulfuration effected under the present conditions is much greater than that 
obtained by Naylor® by the sulfur-catalyzed normal addition of hydrogen sul- 
fide to trialkylethylenes under comparable or even more severe reaction condi- 
tions. The structures of the thiol and disulfide as (1) and (II; z = 2), re- 
spectively, were established by comparison of their chemical properties and 
infrared spectra with those of (I) and 2-methyleyclohexane-1-thiol (III), and 
their derived polysulfides synthesized by unambiguous means. Such com- 
parison substantiates the polar nature of the sulfuration process which must be 
represented as occurring mainly by reaction (2): 


. Me Me 

H,5S . ase — 

—» ae ish 
SH S / 7 


(2) 


r 4 


The thiol (I) was synthesized by reductive cleavage of benzyl-l-methyl- 
cyclohexy! sulfide (IV) with sodium and liquid ammonia, (IV) being obtained 
by normal addition of toluene-w-thiol to 1-methyleyelohexene in the presence 
of 75 per cent (w/w) sulfuric acid. Attempted cleavage of (IV) with aluminum 
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bromide’ was unsuccessful, the only products isolated being 1-methyl-l-pheny|- 
cyclohexane and diphenylmethane; the former hydrocarbon apparently arose 
from attack of the intermediate l-methyleyclohexy! carbonium ion on benzene 
which was used as solvent‘, and the latter by Friedel-Crafts arylation of the 
solvent by benzyl bromide. The thiol (III) was synthesized from a-(2-methyl- 
cyclohexyl) thiolacetate by Cunneen’s method®. The corresponding di- and 
polysulfides of (1) and (III) were obtained by base-catalyzed sulfur oxidation 
of the thiols®. 
Me 
(1 Co ie I\ 
( S*CH,Ph 


The overall lower yield of sulfurated product, compared with the cyclo- 
hexene reaction’, the isolation of the thiol (1), and the absence of monosulfide 
(II; = 1) in the present reaction collectively suggest that the presence of 
trialkylethylene unsaturation in the olefin introduces some structural feature, 
probably steric, which impairs the additive capabilities of hydrogen sulfide and 
the derived tert.-thiol (I). The existence of such steric factors is indicated by 
examination of molecular models of (1) and (II; 2 1 and 2), and has been 
independently confirmed by determining the relative facilities with which (1) 
and (III) add both normally and abnormally to eyclohexene and l-methyleyelo- 
hexene. 

Although the tert.-thiol (1) resists further addition to the parent olefin, its 
ability to undergo base-catalyzed oxidation by sulfur to give the disulfide (IT; 
x = 2) remains unimpaired, and thus the isolation of (1) in the present reaction 
must be attributed to the absence of sulfur, necessary for such thiol oxidation, 
in the later stages of the sulfuration process through its prior reaction with 
diethylamine’. 

It is clearly important to determine if the undesirable inhibition of the 
hydrogen sulfide and thiol additions to the parent olefin is specific to the trialkyl- 
ethylene structure in l-methyleyclohexene or is general to both cyclie and 
acyclic olefins of this type. This has been examined by studying the reaction of 
the diethylamine-sulfur combination with 2-methylpent-2-ene at 140 In this 
case, such inhibition was much less, since a considerably larger yield of disulfide 
(VI; 2 = 2) was obtained, with little of the monosulfide (VI; 2 = 1) and poly- 
sulfide (VI;z > 2). A low yield was also obtained of a saturated thiol, CyHy, 
SH, shown to be (V) by comparison of its chemical properties and infrared 
spectrum with those of 2-methylpentane-2-thiol synthesized from the corre- 
sponding benzylthio compound. The reaction course (3) thus closely resembles 
that followed by 1-methyleyclohexene: 


CH.Me-CH:CMe, > CH.Me-CH,-CMe, 
H 


(V) (x mainly 2) 
(CH.aMe-CHz-CMe,.).8, (3) 
(VI) 


The tert.-alky] nature of the thiol (V) and the disulfide (VI: x = 2) again 
strongly supports the proposed polar course of the reaction. 

Abortive attempts were made to effect sulfuration of trialkylethylenes, 
either by means of the diethylamine-sulfur combination at 100° or by treating 
the olefin at room temperature with the active sulfur liberated from this com- 
bination by means of ethanol. 
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EXPERIMENTAL 


Infrared spectra were recorded on a Grubb-Parsons single-beam spectrom- 
eter. Microanalyses were conducted under the supervision of W. T. Chambers. 

Preparation of olefins.—1-Methyleyclohexene, prepared by iodine-catalyzed 
dehydration of 1-methyleyclohexan-l-ol, had b.p. 109-109.8°/762 mm., n?? 
1.4508 (Found: C, 87.35; H, 12.45. Cale. for C;7Hj.: C, 87.4; H, 12.6%). 
Infrared analysis indicated the absence of methylenecyclohexane and ketonic 
and hydroxyl groups. 2-Methylpent-2-ene, similarly prepared from 2-methyl- 
pentan-2-ol, had b.p. 66.4-66.7°/760 mm., n?° 1.4005 (Found: C, 85.4; H, 
14.35. Cale. for CeH: C, 85.7; H, 14.8%). Infrared analysis indicated that 
about 3% of vinylidene unsaturation, CH2: CR», was present. 

Synthesis of reference compounds for the 1-methylcyclohezene reaction.—(1) 
Benzyl 1-methyleycloheryl sulfide (IV).—\-Methyleyclohexene (96 g., 1 mole) 
was added dropwise, with stirring, to 75% (w/w) sulfuric acid (500 g.) at 
0-5°. Toluene-w-thiol (62 g., 0.5 mole) was then added, with continued stir- 
ring, during | hr. at 0-5° and then during 2 hrs. at room temperature. The 
product was decomposed with ice and extracted with ether, and the extract 
washed successively with water, alkali, and water, dried (K,COs), and distilled. 
The main distillate, b.p. 83-93°/0.3 mm., n2° 1.5470 (106 g.), on repeated 
fractionation, gave the pure sulfide (IV), b.p. 100-101°/0.1 mm., n?° 1.5538 
(76.0 g.) (Found: C, 76.4; H, 9.25, 8; 14.5. Ci4HeoS requires C, 76.4; H, 9.1; 
§, 14.5%). Use of 75% (v/v) sulfuric acid in the above rm ‘ction gave little of 
the desired sulfide (IV), the major products being dibenzy ‘isulfide (58.0 g.), 
m.p. 69-70° (Found: C, 68.45; H, 6.0; 8, 25.55. Cale. fo. wHuSe: C, 68.3; 
H, 5.7; 8, 26.0%), and a fraction (34.0 g.), b.p. 53°/0.05 mm., n?° 1.4950, con- 
taining a polymer of 1-methyleyclohexene [Found: C, 87.15; H, 12.25; 8, 0.4. 
Cale. for (C7Hy2),: C, 87.4; H, 12.6%]. 

(2) 1-Methyleyclohezane-1-thiol (I1).—(a) The sulfide (IV) (22.0 g., 0.1 
mole), suspended in liquid ammonia (400 ml.), was treated with small portions 
of sodium (5.5 g., 0.23 g.-atom), with rapid stirring, until the solution became 
permanently blue. Ammonium chloride (14 g.) was then added, and the 
ammonia allowed to evaporate overnight, the last traces being removed on the 
water-pump. The product was made just acid with ice-cold 2N hydrochloric 
acid and extracted with ether, and the extract fractionated, to give the thiol 
(I), b.p. 48°/11 mm., nf? 1.4853 (9.2 g.) (Found: C, 66.3; H, 10.7; 8, 22.85. 
C,Hy8 requires C, 64.6; H, 10.8; 8, 24.6%), containing, as revealed by infrared 
analysis, a trace of toluene not removed by further fractionation. Treatment 
of a neutral solution of the sodium salt of (I) with chloro-2; 4-dinitrobenzene 
gave 2,4-dinitrophenyl-1-methylcycloheryl sulfide as yellow flakes, m.p. 59-59.5°, 
from ethanol (Found: C, 52.65; H, 5.45; N, 9.8. Cy3H 604N28 requires C, 
52.7; H, 5.4; N, 9.5%). Hot aqueous mercuric cyanide with (1) gave the 
mercuric derivative as feathery needles (from ethanol), n.p. 106-107° (Found: 
Hg, 43.4. Cy,HoeS,Hg requires Hg, 43.7%). 

(6) Treatment of the sulfide (IV) (11.0 g., 0.05 mole) during 2 days at room 
temperature with a solution of aluminum bromide (15 g., 0.056 mole) in benzene 
(100 ml.) and fractionation of the product gave only two hydrocarbon fractions: 
(1) b.p. 56-60°/0.05 mm., n= 1.5462 (4.5 g.) (Found: C, 90.8; H, 9.2. Cale. 
for CysHy,: C, 92.9; H, 7.1%. Cale. for Cy;His: C, 89.6; H, 10.4%), and (2) 
b.p. 60°/0.05 mm., n3° 1.5610 (4.7 g.) (Found: C, 91.4; H, 7.95%). 

(3) Di-(1-methylcycloheryl) polysulfide (II; x = 3-4).—-When the thiol (I) 
(5.2 g.) was mixed with sulfur (0.64 g.) and diethylamine (0.1 g.) at room tem- 
perature, hydrogen sulfide was slowly evolved. Fractionation gave: (1) un- 
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changed (1), b.p. 52°/15 mm., n?° 1.4879 (2.60 g.), and (2) the polysulfide (II; 
xz = 3-4), molecularly distilled as a yellow liquid, n2° 1.5810 (1.90 g.) (Found: 

’, 54.6; H, 8. ry S, 36.4. Cale. for C14HoeS;: C, 57.9; H, 8.97; 8, 33.1. Cale 
C Hae: C, 52.2; H, 8.1; 8, 39.7%). 

(4) 2-Methylcyclohexane-1 “thiol (III).—This compound, prepared accord- 
ing to Cunneen’s method®, had b.p. 54-56°/10 mm., n2° 1.4950 (68%) (Found 
C, 64.4; H, 10.7; 8, 24.5. Cale. for C;Hi48: C, 64.6; H, 10.8; 8, 24.6%) 
It gave 2,4-dinitrophenyl-2-methylcycloheryl sulfide as yellow prisms (from 
ethanol), m.p. 87-88° (Found: C, 52.65; H, 5.35; N, 9.5. Ci3Hy04N.28 re- 
quires C, 52.7; H, 5.4; N, 9.5%). Oxidation of (III) (5.2 g.) with sulfur 
(0.64 g.) in the presence of diethylamine (0.1 g.) or N-ethylthioacetamide 
(0.1 g.) at room temperature gave hydrogen sulfide and a product which, on 
fractionation, yielded: (1) unchanged thiol, b.p. 55-56°/10 mm., n?° 1.4932 
(2.52 g.); and (2) a molecular distillate, +“ * 5852 (2.1 g.), of mixed di-(2- 
methyleyclohexy!) polysulfides — C, 53.5; H, 8.4; 8, 38.6. Cale. for 
CysHoeSy: C; 52.2 2; H, 8.1; 4 5, 39.7 7% ; 

(5) Di-(2-methylcyclohexyl) saennediee: The thiol (III) (4.0 g., 1 mol.), 
l-methyleyclohexene (3.25 g., 1.1 mol.), and acetone (0.5 g.) were sealed in 
vacuo in a Pyrex tube, and irradiated with ultraviolet light for 16 hrs., with 
water-cooling. Fractionation of the product gave: (1) unchanged thiol (IIT), 
b.p. 64-66°/20 mm., 1.4940 (2.3 g.); and (2) almost pure monosulfide, b.p. 
62-64°/0.05 mm., n2” 1.5120 (1. 80 gz.) (F ‘ound: C, 73.9, H, 11.4; 8, 14.25. 
Cy4HoeS requires C, 74.3; H, 11.5; 5, 14.2%). Acid potassium permanganate 
oxidation of the monosulfide gave the corresponding sulfone as colorless prisms, 
m.p. 111-113°, from ethanol (Found: C, 64.9; H, 10.1; 5, 12.25. CigHegOoS 
requires C, 65.1; H, 10.1; 8. 12.4%). 

Normal and abnormal additions of thiols to olefins.—(1) Polar addition of (1) 
to 1-methyleyclohexene.—The olefin (9.6 g.) was added slowly to sulfuric acid 
(50 g., 75% w/w) at 0-5°, with vigorous stirring ; the thiol (1) (6.5 g.) was then 
added, and stirring continued at room temperature for a further 15 min. 
Fractionation of the product gave: (1) a mixture (5.2 g.) of unchanged thiol (I) 
and olefin, b.p. 45-53°/12 mm., n2° 1.4670; and (2) b.p. 58-67°/0.05 mm., nj° 
1.5130 (6.1 B+) ind C, 77.85; H, 12.0; 8, 10.35. Cale. for CyBlogS: C, 
74.3; H, 11.5; 8, 14.2%), shown by infrared analysis to be a mixture of di-(1- 
methyleye lohexyl) wd and l-methyleyclohexene polymer. 

(2) Abnormal addition of (1) to 1-methylcyclohexene.—lrradiation of a mix- 
ture of (I), the olefin, and acetone with ultraviolet light for 17 hrs. at 15° gave 
no sulfide, the product being a mixture of unchanged reactants, as confirmed 
by infrared analysis. Similar abnormal addition of tert.-butanethiol to 
l-methyleyclohexene gave a sulfide yield of only 8-9% after 17 hours’ irradia- 
tion at 15°. 

) Abnormal addition of (1) to cyclohexene.—The thiol (1) (4.0 g., 1 mol.), 
the olefin (2.77 g., 1.1 mol.), and acetone (0.5 g.), irradiated as in (2) above, 
gave unchanged thiol (I) (2.50 g.), and slightly impure cyclohexyl 1-methyl- 
cycloheryl sulfide (1.70 g.), b.p. 66°/0.05 mm., nz’ (1.5110 (Found: ©, 74.1; 
H, 11.6; 8, 14.5. Ci3;HS requires C, 73.6; H, 11.3; 8, 15.1%) 

Reaction of diethylamine and sulfur with 1-methyleyclohexene at 140°.—The 
amine (30 g.), sulfur (10 g.), and the olefin (40 g.) were heated in vacuo for 24 
hrs. at 140° + 1°. Diethylammonium hydrogen sulfide (8.5 g.) and a small 
amount of tar were separated from the product by filtration, and the filtrate 
was freed from unchanged amine and olefin by evaporation on the steam bath 
under nitrogen. The residue was taken up in ligroin and extracted with 10% 








106 RUBBER CHEMISTRY AND TECHNOLOGY 


sodium hydroxide solution (3 * 25 ml.). The alkaline extract was acidified 
(hydrochloric acid) and extracted with ether, and the extract dried (NasSO,) 
and fractionated to give: (i) b.p. 54-106°/12 mm., n=? 1.5090 (0.5 g.) (Found: 
C, 60.2; H, 9.5; N, 0.56; 8, 28.1%); (ii) b.p. 106-110°/12 mm., n° 1.5448 
(1.1 g.) (Found: C, 51.65; H, 8.65; N, 3.3; 8, 35.05%); and (ili) b.p. 46°/0.1 
mm., n2° 1.5594 (1.1 g.) (Found: C, 47.9; H, 8.8; N, 11.5; 8, 30.15. Cale. for 
C,HyNS8: C, 46.4; H, 8.7; N, 13.6;8, 31.1%). Fractions (i) and (ii) contained 
the thiol (1), identified (m.p.s and mixed m.p.s) by its 2,4-dinitropheny] sulfide 
derivative and its mercuric derivative. Infrared analysis of (i) and (ii) con- 
firmed that (1) was a major component, the isomeric thiol (III) being definitely 
absent; di-(1-methyleyclohexy!) sulfides (Il) were present in minor amount. 
Infrared analysis of (iii) indicated that it was nearly pure N-ethylthioacetamide, 
the thiol form of which presumably accounts for its solubility in aqueous alkali. 

The ligroin fraction was washed with 50% hydrochloric acid (5 & 20 ml.) to 
remove remaining thioamides, and then with aqueous bicarbonate and water. 
Fractionation of the product gave: (iv) unchanged olefin (14.2 g.) containing a 
trace of (I), b.p. 50°/30 mm., n=° 1.4512 (Found: 8, 1.6%); (v), pure (I) 
(1.90 g.), b.p. 50-51°/12 mm., n?° 1.4880 (Found: C, 64.8; H, 10.75; N, 0.02; 
8, 24.3. Cale. for C7H,8: C, 64.6; H, 10.8; 8, 24.6%), identified (m.p.s and 
mixed m.p.s) by its 2,4-dinitrophenyl sulfide and mercuric derivatives and by 
comparison of its infrared spectrum with that of synthetic (1) and (III); and 
(vi) b.p. 56-85°/0.07 mm., n2° 1.5310 (3.6 g.) (Found: C, 62.9; H, 9.75; N, 
1.6; 8, 25.45. Cale. for CygHosSe: C, 65.1; H, 10.1; 8, 24.8%). Infrared 
analysis of (vi) showed that it was mainly the disulfide (II; z = 2), with minor 
amounts of higher polysulfides (II; z > 2) and indicated the absence of thiols 
(1) and (III), di-(2-methyleyclohexy]) polysulfides, N-ethylthioacetamide, and 
all types of C:C unsaturation; weak bands were also present due to a minor 
amount of N,N-diethylthioacetamide. The reddish-brown viscous residue 
(6.85 g.) on molecular distillation gave: (vii) n?° 1.5602 (Found: C, 63.6; H, 
9.25; N, 1.35; 8, 25.35%); (viii) n?° 1.5718 (Found: C, 62.4; H, 8.65; N, 1.2; 
§, 27.3%); and (ix) a residue which on chromatography on alumina yielded a 
clear yellow glass (Found: C, 60.54; H, 8.4; N, 0.55; 8, 30.15%). Fractions 
(vii)—(ix) were mixtures of polysulfides (II; zc = 2-3), with polymeric material 
typical of that observed in the cyclohexene reaction (Part I). 

Synthesis of reference compounds for the 2-methylpent-2-ene reaction.—(1) 
Benzyl 1,1-dimethylbutyl sulfide, prepared (yield 90%) by a method analogous 
to that used for the synthesis of (IV), had b.p. 84-88°/0.5 mm., n° 1.5230 
(Found: C, 74.8; H, 9.5. CysHooS requires C, 75.0; H, 9.6%). 

(2) 2-Methylpentane-2-thiol (V).—(i) Reduction of the above sulfide (18.0 
g.) with sodium in liquid ammonia, as described above for the synthesis of (II), 
yielded the slightly impure thiol (V) (71%), b.p. 36-38°/12 mm., nj° 1.4412 
(Found: C, 62.35; H, 12.1; 8, 25.75. Cale. for CsHy48: C, 61.0; H, 11.9; 8, 
27.1%). Infrared analysis showed that the impurity was toluene. The 
thiol (V) gave a mercuric derivative as colorless needles, m.p. 75-76° (Found: 
S, 14.7; Hg, 46.9. Cy)2HeeSeHg requires 8, 14.7; Hg, 46.2%), from ethanol. 
Attempts to prepare the 2,4-dinitropheny!l sulfide derivative gave only 2,4- 
dinitrophenetole, m.p. 85°, Rheinboldt’s test’ confirmed that (V) was a lert.- 
thiol. 

(ii) Resublimed aluminium bromide (2 g.), in carbon disulfide (50 ml.), was 
treated with dry hydrogen sulfide at room temperature with the simultaneous 
addition of 2-methylpent-2-ene (16.8 g.). Hydrogen sulfide addition was con- 
tinued for a further 15 minutes, and the mixture decomposed with ice and dilute 
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hydrochloric acid and worked up in the usual way, to give the thiol (V) (6.8 g.), 
b.p. 36-37°/11 mm., n2° 1.4430 (Found: C, 59.2; H, 11.65; 8, 25.55%). The 
infrared spectrum was very similar to that of the thiol obtained in (i) above, 
though additional bands were present, due to some unidentified impurity. 
The thiol gave a mercuric derivative, n.p. and mixed m.p. with that from (i) 
75-76°. 

(3) Di-(1,1-dimethylbutyl) polysulfide (VI).—The thiol (V) (4.72 g.) and 
sulfur (0.64 g.) on treatment with diethylamine (0.1 g.) during 10 hrs. at room 
temperature gave unchanged (V) (2.4 g.), b.p. 40°/15 mm., and the polysul- 
fide (VI; x ~ 4) obtained by molecular distillation as a pale yellow liquid 
(1.75 g.), n%®° 1.5460 (Found: C, 49.4; H, 9.05; 8, 41.7. Cale. for CyoHoS, 
C, 48.3; H, 8.7; 8, 42.9%). 

Reaction of diethylamine and sulfur with 2-methylpent-2-ene at 140°.—The 
amine (30 g.), sulfur (10 g.), and olefin (50 g.) were heated in vacuo at 140° + | 
for 21 hrs., with gentle rocking. After removal of diethylammonium hydro- 
gen sulfide (0.6 g.), the product was treated with ligroin (b.p. 40-60°) and a tar 
(1.1 g.) separated. The ligroin solution was evaporated on the water bath 
under nitrogen to remove unchanged amine and olefin, diluted with more ligroin, 
and extracted with cold 50% hydrochloric acid (4 & 25 ml.) to remove thio- 
amides. The resultant ligroin fraction on distillation gave: (i) b.p. 45-50°/12 
mm., n2° 1.4448 (2.3 g.), containing about 79% of the thiol (V) and a little 
monosulfide (VI; x = 1) (Found: C, 61.7; H, 11.95; N, 0.1; 8, 26.3; SH, by 
copper butyl phthalate titration, 22%; C:H 12:27.8. Cale. for CgHys 
C, 61.0; H, 11.9; 8, 21.1; SH, 28%); the thiol in (i) was identified as (V) by its 
mercuric mercaptide, m.p. and mixed m.p. with synthetic sample, 74-75.5 
(Found: C, 32.9; H, 6.05; Hg, 46.9%), by the green coloration in Rheinboldt’s 
test, and by the close identity of infrared spectrum of (i) with that of synthetic 
(V); (ii) b.p. 50-77°/0.05 mm. (15.85 g.); and (ili) a final residue (3.90 g.) 
which was purified by chromatography on alumina to yield a reddish brown oil 
consisting mainly of polymer of the type CeHys-S.-CeHiwe-S.-CeHi, [Found 
C, 55.95; H, 9.65; N, 1.4; 8, 33.1%; M (ebullioseopic in benzene), 351, 355 
364. Cale. for CysHagS,: C, 56.5; H, 9.9; 8, 33.5%; M, 382]; infrared analysis 
of (iii) indicated that it was fully saturated. 

Infrared analysis of fraction (ii) showed the presence of traces of thiol and 
N,N-diethylthioacetamide. A portion of (ii) was, therefore, purified by ex 
traction first with 20% sodium hydroxide solution (2 * 25 ml.) and then with 
- 50% hydrochloric acid (4 K 25 ml.), and the product fractionated to give 
(iia) b.p. 50-65°/0.2 mm., nz” 1.4860 [Found: C, 62.6; H, 11.5; N, 0.27; 8 
25.5%; M (ebullioscopic in benzene), 208. Cale. for CyoHogSo: C, 61.55; H, 
11.1; 8, 27.25%; M, 234]; and (iib) b.p. 65-74°/0.2 mm., nj” 1.5055 [Found: 
C, 60.0; H, 10.8; N,0.94;5, 28.95%; M (ebullioscopic in benzene), 225]. Frac- 
tions (iia) and (iib) are, therefore, mainly di-(1-dimethylbuty!) disulfide (VI; 
x = 2), with minor amounts of the mono- and polysulfide; this was confirmed 
by the close identity of their infrared spectra with that of synthetic (VI; 
z~™ 4); C:C type of unsaturation was absent A band at 1536 em."' due to 
S=C—N probably indicated traces of the dithiooxalodiamide (KteN-CS 


since thioamides, on being heated with sulfur and amines, occasionally form 
this type of compound’. 

Attempted low-temperature sulfurations.-—(1) 2-Methylpent-2-ene (40 ml 
was added to the complex derived from n-butylamine (50 ml.) and sulfur 
(5.0 g.) in nitrogen. The complex was decomposed with ethanol at room tem 


perature, and the mixture stirred for a further 30 minutes. Filtration of the 
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product gave unreacted sulfur (4.7 g.) and a filtrate, which, on evaporation, 
yielded no sulfurated product. 

(2) A mixture of piperidine (15 g.), sulfur (5.0 g.), and 1-methyleyclo- 
hexene (25 g.) was refluxed in nitrogen for 5 hrs. at 100°. The reddish liquid 
was decanted from some tar, the latter extracted with ligroin, and the ligroin 
solution of the main product extracted with cold hydrochloric acid. Fraction- 
ation of the neutral ligroin solution gave only unreacted olefin 


SUMMARY 


The reaction of diethyl and sulfur with trialkylethylenes, R-CMe:CHR’, 
at 140° C yields tert.-alkanethiols and di-tert.-alky! disulfides as major products, 
with only minor amounts of the corresponding polysulfides and sulfurated 
polymers containing three or more olefin units linked by sulfur bridges. The 
degree of sulfuration is much lower than with the corresponding sym-dialky!l- 
ethylene, cyclohexene, and monosulfide formation is negligible. Both observa- 
tions indicate that steric influences govern the nature and the vield of the 
sulfurated products 
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Farmer and Shipley! first showed that the action of sulfur on 2,6-di-methyl- 
octa-2,6-diene (I) at 140° gives both a cyclic monosulfide formed by intramole- 
cular sulfuration of the diolefin and an approximately equal proportion of a 
cross-linked polysulfide, RS,R’, which appeared to be analogous to the prod- 
ucts obtained from sulfur and monoolefins. Similar studies of the normal 
addition of hydrogen sulfide to (1)? showed that negligible cross-linked material 
is formed, the main product being 2-ethyl-2,6,6-trimethylthiacyclohexane (II), 
with smaller amounts of the intermediate monothiols (III) and (IV). Farmer 
and Shipley! did not determine the detailed structures of their cyclic monosul- 
fide fraction, the heterogeneity of which was to be expected in view of the 
numerous possible reaction courses by which the sulfuration reaction could 
proceed. However, infrared analysis of their product revealed vinylidene un- 
saturation, CH,:CRR’, and the apparent presence of 6-ethyl-2,2,6-trimethyl- 
thiacyclohex-3-ene (V), judged by comparison with (II)*. 

A logical extension of the work described in Parts I* and II‘ to determine the 
influence of amines on the structural pattern of the sulfur linkage in rubber- 
sulfur vuleanizates was to study the reaction of diethylamine and sulfur with 
(I) at 140°. The major products proved to be (/) a cyclic sulfide fraction and 
(2) a cross-linked polysulfide, in the approximate ratio of 1:2 

Constitution of the cyclic sulfide fraction (1).—Infrared analysis revealed the 
presence of (II), and of 2-ethyl-2-methyl-5-isopropylthiacyclopentane (VI), 
but (V) appeared to be absent, judged by the failure to detect unsaturation of 
the type cis-R-CH:CH-R’, and by comparison of the infrared spectrum of 
(1) with that of the analogous 2,2,6,6-tetramethylthiacyclohex-3-ene®. The 
spectrum further revealed the presence of ~20 per cent vinylidene unsatura 
tion, CH2:CRR’, and the absence of all other types of double bond. Subse- 


CH, 
/- 
Ht’ CH, | | 
c CMe:CHMe S /N§ S S a 
(1) (IT) (V VI (VII VIII 


quent behavior on hydrogenation, however, indicated that further unsaturation 
must be present and, in fact, the ultraviolet absorption at ~2300 A indicated 
the presence of the vinyl sulfide grouping C==-C—S. It seemed highly probable 
that the latter was present as a tetrasubstituted double bond CRR’:CR’” 
SR”, undetectable in the infrared region, and that the above types of unsatur 
ation were associated with the thiacyclopentane structures (VIT) and (VIII) 
respectively. This view was confirmed when catalytic hydrogenation of the 
cyclic sulfide fraction resulted in an increased proportion of (VI), while the 
amount of (II) present remained constant. Further, a sample of (1) which 
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contained solely unsaturation of the type CRR’:CR’”’-SR” and was free from 
the saturated sulfides (II) and (VI), gave on catalytic hydrogenation, pure 
(VI). 

Synthesis of cyclic sulfides.—The spectroscopic work necessitated synthesis 
of the cyclic sulfides (11), (VI), (VII), and (VIII). The first was prepared by 
the normal addition of hydrogen sulfide to (1), catalyzed by 75% w/w sulfuric 
acid or aluminum bromide®. The second sulfide (VI) was prepared by the 
route: 

Me-CO-SH 
MeoC:CH-CH,-CH,-CMekEt-OH + MeeCH-CH(S8-COMe)-CH,-CHe 


ne 


NaOMe 75% w/w 
‘CMekt-OH > MeoCH-CH(SH)-CH,-CH,-CMekt-OH » (VI) 


HBO. 


Synthesis of the unsaturated thiacyclopentanes (VII) and (VIII) presented 
considerable difficulties and only partial success was achieved by the proposed 
route: 


(SCN ’ 
Me,C:CH-CHyCHyCMeEt-OH ——p Me,C(SCN)-CH(SCN)-CH,CHyCMcEt-OH 


LiAIH, H,S0O, { | AIBr, 
« —— Me,C(SH)-CH(SH)-CH,’CH,-CMeEt-OH ——pe (VII) + (VIII) 


/\ : 
SH > H,S 


(IX) 


Addition of dithiocyanogen to 3,7-dimethyloct-6-en-3-ol’ resulted unexpected] 
in the immediate cyclization of the dithiocyanato-adduct to give the cyclic 
ether (X). Reduction of the latter with lithium aluminum hydride® gave 
a high yield of 2-ethyl-2,3,4,5-tetrahydro-5-(1-mercapto-l-methylethyl)-2- 
methylfuran (XI). Attempted replacement of the oxygen in (XI) by sulfur 
by reaction with phosphorus pentasulfide’ led unexpectedly to a product con- 
taining neither thiol groups nor vinylidene unsaturation; it was mainly a 
mixture of (IT) and (VIII), the latter being probably formed by cleavage of the 


ai \ 
| | LiAlH, | | »»S; ‘ y | | 
/{ So : ' 7| No "NS oe 
SCN SH 
(X) (XI) (VITT) (LI) 


tert.-C-—S bond in (X1), with elimination of hydrogen sulfide. Comparison of 
the infrared spectrum of this product with that obtained from the reaction of 
(1) with diethylamine and sulfur revealed similarities. Cyclization of the 
dithiocyanato-adduct to give the six-membered cyclic ether analogous to (X) 
appeared unlikely, judged by the dissimilarity of the infrared spectrum of the 
derived mereaptocyclic ether (XI) from those of known tetrahydropyrans’; 
and stronger evidence for this view was provided by the fact that thiol elimina- 
tion from a tetrahydromercaptopyran analogous to (XI) would have yielded 
(V), which was not present in the product. It seemed probable that (IT) arose 
by ring-expansion during the reaction of (XI) with phosphorus pentasulfide, 
since Birch" found that the high-temperature reaction of tetrahydrofurfury! 
alcohol with hydrogen sulfide and alumina yields a mixture of thiacyclohex-2- 
ene and thiacyclohexane. 

Constitution of the cross-linked polysulfide fraction (2).—KElementary analysis 
and molecular-weight determination showed that fraction (2) consisted of two 
diisoprene molecules for every 3 or 4 sulfur atoms, and infrared analysis re- 
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vealed that it was largely saturated and thiol-free. On this basis, it appeared 
initially that (2) consisted mainly of the polysulfide (XIII) formed by base- 
catalyzed sulfur oxidation of the intermediate dithiol (XII), the latter result- 
ing from addition of two molecules of hydrogen sulfide (formed by prior reac- 
tion of diethylamine with sulfur) to (1): 


Me,C:CH-CH,CH,y’CMe:CHMe (1) 


\"s 


(SH)-CHyCHyCH,CMe:CHMe (III) 
err ee Be > Me,C(SH)-CHyCH,CH,CMe(SH)-CH,Me (X11) 


| Me,C:CH-CH,-CH,-CMe(SH)-CH,Me avyf | 
(S, + | Base) 


Intramolec a yclisation 
Me,C-CHyCH,CH,y’CMeCH,Me 


(11) + (VI) | 


Me,C-‘CHyCH,yCHyCMeCH,Me (XIII 


This apparently simple reaction course was subsequently shown to be invalid 
by the synthetic and degradative methods described below. 

The dithiol (XII) was synthesized by the addition of toluene-w-thiol to 3,7- 
di-methyloct-6-en-3-o0l in the presence of 75 per cent w/w sulfuric acid, fol- 
lowed by reductive cleavage of the resulting dibenzylthio compound with 
sodium in liquid ammonia. This method considerably reduced the competing 
cyclization of the diolefin encountered when (I) was used directly. Base- 
catalyzed oxidation of (XII) with sulfur gave a saturated thiol-free polysulfide 
of the type (XIII), or possibly of the polymeric chain type R-S,-R’-S,-R 
S,:R, which had, however, a quite distinct infrared spectrum from that of 
fraction (2). 

Hydrogenolysis of the cross-linked polysulfide (2) with lithium aluminum 
hydride" gave (3) a high yield of an essentially saturated thiol CjoHooSe, and 
(4) a thiol-free product CopHgsSe_3. No hydrogen sulfide was formed during 
the hydrogenolysis, indicating that (2) was devoid of polysulfidic sulfur. The 
thiol value of (3) showed that only one-half the sulfur was present as a thiol 
group, and the low molecular weight (204) ruled out any possiblity of a cross- 
linked structure containing two diisoprene units. The remaining sulfur must, 
therefore, be present in cyclic sulfide form; in fact, the infrared spectrum of (3) 
was similar to that of the cyclic sulfide fraction (1), except for the presence of 
thiol groups and the absence of unsaturation. The structure of (3) as the mer- 
captothiacyclopentane (IX) was finally established by the close identity of its 
infrared spectrum with that of authentic (IX) obtained by addition of thiol- 
acetic acid to (VIII), and subsequent hydrolysis of the acetylthio-derivative 
This leads to the view that the parent cross-linked polysulfide (2) consists 
mainly of the structures represented by (XIV), in which the cross-link is pre- 
dominantly mono- and disulfidic. On this basis, part of (2) should remain 
unaffected by the hydrogenolysis, and infrared examination of the thiol-free 


ClCCC-CCK 
( ( 
(XV) 
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product (4) showed that it was closely similar to the original cross-linked poly- 
sulfide (2), and to (1X), except for the absence of a band due to the thiol group 
in the latter, and it must, therefore, be mainly (XIV;z = 1). The presence of 
a small amount of trialkylethylene unsaturation in (4) is attributed to the 
presence of minor amounts of structures such as (XV) formed by addition of 
(IX) to (1); the elementary analysis and intensity of the infrared band due to 
RR’C: CHR” are suggestive of (XIV; z = 1) and (XV) being present in (4) 
in the ratio of 4:1. 

The structure (XIV) is clearly consistent with the mono- and disulfide cross- 
linked products obtained from the monoolefins”. The isolation of tert.-alkane- 
thiols from trialkylethylenes (Part II) led to a closer search for (IX) in the 
present reaction, and its presence was established in a small intermediate frac- 
tion between the main products (1) and (2) 

Reaction mechanism.—A primary process in the sulfuration of (1) with the 
diethylamine-sulfur combination undoubtedly involves polar addition of hydro- 
gen sulfide, formed by prior interaction of the diethylamine and sulfur, to (1). 
Polar cyclization of the resulting tert.-thiols (III) and (IV) then gives the sub- 
stituted thiacyclohexane (II). To account for the substituted thiacyclopen- 
tane (VII) and the main cross-linked product (XIV; 2 = 1-2) by a polar 
mechanism, it is necessary to envisage an electrophilic attack by sulfur at the 
unmethylated end of a double bond in (1), followed by cyclization of an inter- 
mediate mercapto compound, as suggested by: 


CH,—-CH, 
Me | /Me 
™ CH ¢ 


H,C4 As CHMe 
u¥s , 


The analogous intermediate formed by the comparable attack of sulfur at the 
alternative double bond in (I) is unlikely to cyclize since a seven-membered 
ring would result. Subsequent polar addition of hydrogen sulfide to (VII) 
vields (IX), and the latter undergoes: (1) base-catalyzed sulfur oxidation to 
give the major cross-linked polysulfide product (XIV; x = 2). (2) polar addi- 
tion to the unsaturated cyclic sulfides (VIT) or (VIII) to give (XIV; z = 1), or 
(3) polar addition to (1) to give (XV). In the presence of diethylamine, pre- 
ferential oxidation of (IX) by path (1) will undoubtedly reduce RR’C:CHR” 
unsaturation due to (XV) in the cross-linked product; (XV) is more likely to 
be obtained in higher proportion in sulfurations conducted in the absence of 
amine. A further important finding was that (VII), when heated with a 
catalytic amount of sulfur at 140°, isomerizes to (VIII), and this reaction may 
be responsible for the formation of (VITT) in the above experiments. Compar- 
able isomerizations of allylic to vinylic sulfides have been effected by Tarbell 
and McCall" 


(a) 
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The polar mechanism depicted above offers a self-consistent picture for the 
formation of most of the identified products, and is in accord with the reaction 
characteristics observed in the sulfuration of monoolefins described in Parts I 
and II. The direct combination of sulfur is supported by the virtual absence 
of cross-linked sulfides in the reaction of hydrogen sulfide with (1)*, where sulfur 
is not available for the above type of attack. No adequate explanation can be 
offered for the formation of the saturated thiacyclopentane (VI) by a polar 
mechanism, and thus one is forced to the view that free-radical sulfuration proc- 
esses must participate to some extent. The coexistence of polar and free- 
radical mechanisms, capable of being influenced by small changes in experi- 
mental conditions, has been recognized by various workers'®. The formation of 
(VI) can be explained by abnormal cyclization of the open-chain alkylthio 
radical (XVI), formed by loss of a hydrogen atom from the thiol (IV) on 
oxidation with sulfur. The resulting cyclic radical (XVII) may then be 
stabilized (1) by disproportionation to (VI) and (VII) or (VIII), or (2) by 
hydrogen-atom capture from the thiol (IV): 


(VI), (VIL), and/or (VIII) 
c ( (Disproportionation) 
(IV) ee COICCCHECH Moma 
—H: $ . S 
XVI (XVII) 
(VI) + (XVI) 

Naylor® noted the reluctance of the thiol (IV) or (III) to cyelize by a polar 
mechanism to give (II) in the sulfur- or aluminum sulfide-catalyzed addition of 
hydrogen sulfide to (1). Repetition of these experiments has now shown that 
the five-membered ring (VI) is also formed, possibly by the preferential cycliza- 
tion of (IV) in the above manner. 

Free-radical attack of sulfur on (XVII) may also occur to a minor extent to 
give (XVIII), which may then dimerize to give (XIV; x = 2) or capture a 
hydrogen atom to give (IX): 


(XIV; * = 2) 


P> 


/ 


Ss ‘ 
S 


(XVIII) 
(1X) 

It remains for future work to determine the relative importance of polar and 
free-radical mechanisms in sulfuration reactions of the present type. 

Sulfuration of polyisoprenes.—Many synthetic dialkyl] tetrasulfides, when 
boiled with sodium sulfite solution, lose one-half their sulfur content, forming 
disulfides"®, and it has been shown that the polysulfide from sulfur and 2-methyl- 
but-2-ene behaves likewise. On the other hand, Farmer and Shipley'® and 
Bloomfield'® observed negligible removal of combined sulfur from the polysul- 
fides of dihydromyrcene, geraniolene, and squalene. Such behavior is to be 
expected if it is assumed that the latter possess only 1-2 sulfur atoms in the 
cross-link and the remainder in cyclic sulfide form, in contrast to the dialky! 
polysulfides containing linear cross-links of more than 2 sulfur atoms. These 
considerations suggested that cyclic structures of the present type may be ob- 
tained from olefins containing more than 2 isoprene units, and therefore squalene 
polysulfide and ebonite were examined. The choice of ebonite in prefer- 
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ence to soft-vuleanized rubber was made for two reasons: (1) for the identifica- 
tion of the cyclic sulfide structures by infrared methods, the material must con- 
tain about 30 per cent of combined sulfur; and (2) for a true comparison with 
(XIV), the material must possess little residual unsaturation. Thus, although 
the use of infrared analysis for the examination of conventional vulcanizates 
is very limited, these requirements are fulfilled by ebonite. The spectrum of 
(XIV) was compared with those of squalene polysulfide and ebonite, and dis- 
tinct similarities were observed, notably a band of quite similar shape and 
intensity at 945 em.~' in (XIV), 953 em.~' in squalene polysulfide, and 947 
cm.” in ebonite, which was not present in the pure hydrocarbons. This band 
cannot be due, as believed by Sheppard and Sutherland", to trans-RCH: CHR, 
which always oecurs close to 965 cm." in allylic sulfides, but rather suggests the 
presence of cyclic structures of type (VI) in the above materials. 
EXPERIMENTAL 

Infrared spectra were recorded on a Grubb-Parsons single-beam spectrom- 
eter. Ultraviolet light absorption measurements were made with absolute 
ethanol solutions by means of a Hilger-Uvispek photoelectric spectrophotom- 
eter. Microanalyses were conducted under the supervision of W. T. Chambers, 

2 6-Dimethylocta-2,6-diene (I).—This was prepared by reduction of purified 
geraniol with sodium and liquid ammonia; b.p. 56.0°/14 mm., n2° 1.4520 
(Found: C, 86.85; H, 12.8. Cale. for C)oHy: C, 87.0; H, 13.0%). Infrared 
analysis revealed the absence of hydroxy! groups and less than 1% of vinylidene 
unsaturation, CHe.:CRR’. (1) was unchanged after 24 hours’ heating at 140° 
with diethylamine or phenylhydrazine. 

Synthesis of 2-ethyl-2-methyl-5-isopropylthiacyleopentane (VI).—38,7-Di- 
methyloct-6-en-8-ol.—-Reaction of the Grignard reagent (25% excess) from 
magnesium (24 g.) and ethyl bromide (109 g.) with 6-methylhept-5-en-2-one 
(100 g.; b.p. 58-59°/10 mm., nZ° 1.4420) in the usual manner gave the lert.- 
alcohol, b.p. 87°/12 mm., n° 1.4548 (108 g.) (Found: C, 76.7; H, 13.0. Cale. 
for CyHwO: C, 76.9; H, 12.8%). 

4-H ydroxy-4-methyl-1-isoprophylheryl thiolacetate.—The above tert.-alecohol 
(25 g.) reacted exothermally with freshly distilled thiolacetic acid (14 g.). 
After the initial reaction had subsided, the liquid was warmed on the steam-bath 
for 30min. Distillation yielded the thiolacetate, b.p. 110-111°/0.01 mm. (34 g., 
92%), nz” 1.4848 (Found: C, 61.9; H, 10.3; 8, 13.8. Cy2H4O8S requires C, 
62.0; H, 10.3; 8, 13.8%). 

3-Mercapto-2 6-dimethyloctan-G-ol.—The thiolacetate (33 g.) was hydrolyzed 
overnight in methanol (500 ml.) containing a trace of sodium methoxide. Afte 
removal of most of the solvent by distillation, water was added, and the liquid 
extracted with ether. Distillation gave the hydroxry-thiol (20 g., 73%), b.p. 
61-62°/0.01 mm., n° 1.4800 (Found: C, 62.9; H, 11.35; 8, 16.9; SH, 17.4. 
CyoH2O8 requires C, 63.2; H, 11.6; 8, 16.85; SH, 17.4%). This (20 g.) was 
added slowly, with stirring, to 75% w/w sulfuric acid (100 g.) at 0°. The 
mixture was then allowed to reach room temperature and stirred for 15 min. 
Ice and water were added and the thiacyclopentane (VI) was isolated in the 
usual manner, b.p. 87°/10 mm. (14 g., 77%), nz” 1.4765 (Found: C, 69.6; H, 
11.5;8, 18.9. CyoHoeoS requires C, 69.8; H, 11.6; 8, 18.6%): with chloramine-T7 
it formed a sulfidimine, needles (from aqueous methanol), m.p. 135° (Found: 
C, 59.6; H, 8.1; N, 4.2;8, 18.4. CyHeO2NSe requires C, 59.8; H, 7.9; N,4.1; 
8S, 18.8%), which depressed the m.p. of toluene-p-sulfonamide. Reaction of 
{VI) with peracetic acid in the usual manner gave a liquid sulfone, b.p. 88° 
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0.001 mm., n3° 1.4771 (Found: C, 59.0; H, 10.1; 8, 15.6. CyoH 90.8 requires 
C, 58.9; H, 9.8; S, 15.7%). 

Addition of dithiocyanogen to 3,7?-dimethyloct-G-en-3-o0l.—Lead thiocyanate 
(36 g., 0.11 mol.) in dry chloroform (130 ml.) was cooled to 5-10°, and bromine 
(16 g., 0.1 mol.) in chloroform (50 ml.) added with vigorous stirring. The 
chloroform was decanted, and the residual solid washed with more solvent. 
The combined solutions were mixed with the tert.-aleohol (12.0 g., 0.08 mol.) in 
chloroform (20 ml.) at 10°, and kept overnight at room temperature. The 
yellow precipitate of polythiocyanogen was filtered off, and the chloroform 
solution diluted with ether, washed (water, thiosulfate, water), dried (Na SQO,), 
and fractionated. The 2-ethyl-2,3,4,5-tetrahydro- 2-methiyl-5 -( 1-methyl-1-thio- 
cyanatoethyl)furan had b.p. 62°/0.05 mm., n2° 1.4880 (7.5 g.) (Found: C, 61.85; 
H, 8.8; N, 6.7. Cy, HiONS requires C, 61.9; H, 8.9; N, 6.6%). The infrared 
spectrum showed the absence of hydroxyl groups and unsaturation, but a band 
at 2160 em. clearly indicated SCN. The remainder of the spectrum was con- 
sistent with the cyclic ether structure (X). 

Use of pheny! iododichloride for the thiocyanation” gave a light yellow 
liquid, b.p. 80°/0.08 mm., n2° 1.4870 (Found: C, 60.7; H, 8.65; N,6.5%). The 
spectra of the two products were almost identical. 

Reduction of (X).—This compound (3.4 g.) was added dropwise, with 
vigorous stirring, to lithium aluminum hydride (0.90 g., 2 equiv.) in dry ether 
(40 ml.). After refluxing for 15 minutes, the liquid was decomposed with ice 
and dilute sulfuric acid, and the usual method of isolation gave 2-ethyl-2,3,4,5- 
tetrahydro-6-(1-mercapto-1-methylethyl)-2-methylfuran (X1), b.p. 88°/10 mm 
n2° 1.4740(2.8 g., 93%) (Found: C, 64.0; H, 10.65; 8, 16.8; N, 0.2; SH, 17.6 
CypHeOS requires C, 63.8; H, 10.6;58, 17.0;8H, 17.5%). Thespectrum of this 
colorless liquid was very similar to that of the original thiocyanato eompound 
(X), except for the replacement of the SCN band by that of SH at 2570 em.~'. 
Hydroxyl groups and unsaturation were again absent, and Rheinboldt’s test 
indicated that (XI) was a tert.-thiol. 

Action of phosphorus pentasulfide on (X1I).—This compound (4.5 g.) and 
phosphorus pentasulfide (8.0 g.) were heated at <10~* mm. in a Carius tube 
for 6 hrs. at 110°. The product was extracted repeatedly with ether and 
mixed with water, and the aqueous solution extracted. After drying, fraction 
ation gave a liquid, b.p. 80°/12 mm., nz? 1.4922 (1.3 g.) (Found: C, 70.2; H 
11.0;8, 18.7. Cale. for CyoHooS: C, 69.8; H, 11.6;8, 18.6. Cale. for CyoHyss 
C, 70.5; H, 10.65;58, 18.85%). Infrared analysis revealed that thiol groups and 
vinylidene unsaturation CH»:CRR’ were absent Light absorption: max 
2275 A; € 1830 (for M, 170). The spectra were consistent with a mixture of 
(II) and (VIII), though »25% of C=C—S grouping, due to the latter, was 
present. The cyclic sulfides (V) and (VI) were absent from this product, but 
comparison of the spectrum with that of the cyclic sulfide fraction (1) from the 
reaction of sulfur-diethylamine with (1) revealed definite similarities 

2 6-Dibenzylthio-2 ,6-dimethyloctane.—3,7-Dimethyloct-6-en-3-ol (15.6 g., 0.1 
mol.) was stirred vigorously at 0—5° with toluene-w-thiol (24.8 g., 2 mol 
while sulfuric acid (100 g., 75% w/w) was added slowly (1 hr.). After a further 
hour’s stirring at room temperature, decomposition with ice and the usual 
method of working up gave unchanged thiol (5.0 g.) and the dibenzylthio com 
pound, a colorless short-path distillate, n2° 1.5670 (10.9 g.) (Found: C, 74.5 


t 
H, 8.75;3, 17.0. CogHas82 requires C, 74.6; H, 8.8; 5, 16.6%). The infrared 


spectrura confirmed the absence of hydroxyl and thiol groups and also of olefini« 
unsaturation. 
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2,6-Dimercapto-2 :6-dimethyloctane (XII).—The above dibenzylthio com- 
pound (7.7 g., 0.02 mol.) in liquid ammonia (200 ml.) was cleaved with sodium 
(2.0 g., 1.1 equiv.) in the usual manner. After decomposition with ammonium 
chloride, the dithiol isolated had b.p. 119°/15 mm. (3.7 g., 90%), n2° 1.5017 
(Found: C, 62.1; H, 10.35; 8, 27.6. CyoHo2S2 requires C, 58.3; H, 10.7; 8, 
31.0%). Rheinboldt’s test indicated a tertiary thiol, and copper butyl 
phthalate estimation gave SH, 30.0 (CioHo.S82 requires SH, 32.0%). The infra- 
red spectrum revealed traces of the original dibenyzlthio compound as impur- 
ity, but refractionation gave a purer sample of the dithiol (XII), b.p. 112°/10 
mm. (Found: C, 58.65; H, 10.4; 8, 30.2%). No unsaturation could be de- 
tected. 

Oxidative cross-linking of (XII).—This dithiol (1.90 g.) was mixed with 
sulfur (0.2 g.) and diethylamine (0.1 g.). The polysulfide was isolated in the 
usual manner and purified by chromatography on silica gel. The spectrum 
bore no resemblance to that of the polysulfide (XIV) obtained from reaction 
of sulfur-diethylamine with (1). 

Addition of hydrogen sulfide to (1).—(1) Hydrogen sulfide was passed rapidly 
into (I) (15 g.) in 75% w/w sulfuric acid (100 g.) at 0°, with stirring during 4 
hrs. After addition of ice, the product isolated contained thiol (SH, 6.6%). 
Removal of the latter with copper butyl phthalate and fractionation gave (II), 
b.p. 81-82°/10 mm., n?° 1.4857 (Found: C, 70.0; H, 11.8; 8, 18.3. Cale. for 
CioHooS: C, 69.8; H, 11.6; 8, 18.6%). The yield was never >10% owing to 
the cyclization of (1). 

(2) A rapid stream of dry, purified hydrogen sulfide was passed into a solu- 
tion of freshly sublimed aluminum bromide (2.0 g.) in carbon disulfide (50 ml.), 
while (I) (20 ml.) was simultaneously added during 1 hr. Fractionation of the 
isolated product gave: (i) b.p. 70°/12 mm. (6.1 g.), n2° 1.4772 (Found: C, 75.7; 
H, 12.5; 8, 12.1%); (ii) b.p. 70-80°/12 mm. (4.5 g.), n2° 1.4880 (Found: C, 
69.4; H, 11.65; 8, 18.6. Cale. for CipHooS: C, 69.8; H, 11.6; 8, 18.6%); (iii) 
b.p. 80-120°/12 mm. (3.0 g.), n2° 1.4922 (Found: C, 68.3; H, 11.65; 8, 19.35%); 
(iv) b.p. 120°/12 mm. (1.90 g.), n2° 1.4950 (Found: C, 62.1; H, 10.95; 8, 25.6%). 
The infrared spectra revealed that all the fractions were saturated; the main 
component of (i)—(iii) was (II), with the dithiol (XII) in minor amount, frac- 
tionation failing to effect complete separation. The intensity of the SH band in 
(iv) indicated that the dithiol was the major component (Found: SH, 24.8. 
Cale. for CyoH e282: SH, 31.0% ). 

Action of sulfur on (1) in the presence of diethylamine.—The diene (I) (50 g.) 
and diethylamine (30 g.) were heated with sulfur (10 g.) at <10~-* mm. in a 
Carius tube for 20 hrs. at 140° + 1°. The resulting dark brown liquid, which 
contained no tar and neglibigle amine hydrogen sulfide, was washed out with 
ligroin, and material of low b.p. removed on the steam-bath in nitrogen. Frac- 
tionation of the residue gave unchanged (I) (25.1 g.), b.p. 68-84°/20 mm., n?° 
1.4530, containing a trace of sulfide (Found: 8, 1.43%), and the products in 
three main fractions: (i) b.p. 84-96°/20 mm. (8.3 g.), n2° 1.4920 (Found: C, 
70.7; H, 11.15; N, 0.8;8, 16.95. Cale. for CjoHyS: C, 70.5; H, 10.65; 8, 18.85. 
Cale. for CyoHooS: C, 69.8; H, 11.6; 8, 18.6%); (ii) b.p. 48-65°/0.03 mm. (12.1 
g.), n2” 1.5300; and (iii) a final residue, not distillable below 140°/0.03 mm. 
(18.0 g.). The infrared spectrum of the recovered olefin showed negligible 
CH,:CRR’ unsaturation, indicating the absence of appreciable isomerization 
or cyclization. 

Infrared analysis of the cyclic sulfide fraction (i) indicated ~20% of CH:: 
CRR’ groups due to (VIT) and only traces of N-ethylthioacetamide and (1). 
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Negligible trialkylethylene unsaturation was detected and the absence of (V 
was confirmed by comparison with the spectrum of the analogous 2:2:6:6- 
tetramethylthiacyclohex-3-ene. The presence of the saturated cyclic sulfides 
(II) and (VI) was confirmed, while the ultraviolet spectrum indicated ~40% 
of C=C—S grouping due to (VIII) in this fraction (i). Thiol groups were 
absent. Mercurie chloride gave a white, solid derivative insoluble in all com- 
mon solvents. 

Addition of ligroin to (ii) pree —— an orange-red layer, b.p. 54-62°/0.1 
mm. (3.1 g.), n2° 1.5450 (Found: C, 52.9; H, 9.55; N, 10.3%). The spectrum 
and chemical reactions indicated ae N-ethylthioacetamide, negligible ole- 
fin sulfides being detectable. The main ligroin solution from (ii) was extracted 
with 50% hydrochloric acid (4 25 ml.), dried, and distilled, giving: (a) b.p 
40°/0.1 mm. (1.85 g.), n2° 1.5000 (Found: C, 68.5; H, 10.6; N, 0.06; 8, 20.8%) 
(b) b.p. 50-60°/0.1 mm. (2.4 g.), n2° 1.5172 (Found: C, 64.05; H, 10.0: N,0. 17: 
- 25.7; SH, 7. On) and (c) b.p. 60 fon 0.1 mm. (1.2 g.), n2° 1.5270 [Found 

, 60.2; H, 9.6; N, 0.47; 8, 30.35; SH, 9.0%; M (ebulliosocopic in benzene), 
rote The thiol values of (b) and (c) were determined argentometrically as 
copper butyl phthalate titration gave indefinite end-points; Rheinboldt’s test 
indicated tertiary thiol in both cases. Infra-red analysis revealed negligible 
CHey:CRR’ groups and <10% of trialkylethylene-type unsaturation. The 
fractions were otherwise saturated, containing a large proportion of the cyclic 
thiol-sulfide (IX) (Cale. for CyoHyoSe: C, 58.8; H, 9.8; 8, 31.4; SH, 16.2%; 
M, 204). The thiol value of (c) indicated 56% of (1X) and infrared analysis 
gave ~60% 

The final residue (iii) (18.0 g.) was dissolved in excess of ligroin and extracted 
with 50% hydrochloric acid (4 K 25 ml.) and further purified by chromatog- 
raphy on silica gel; ~95% of the resulting clear, vellow oil distilled at 120-140° 
in a short-path still, two typical fractions only being recorded: (a) n?° 1.5312 
[ Found: C, 63.15; H, 10.0; 8, 26.8%; M (ebullisocopic in benzene), 310]; and 
(b) n2° 1.5395 (Found : C, 62.75, H; 10.0;8, 27.4%; M, 405). Infrared analysis 
showed that the major product was thiol-free and saturated; bands at 1670 
em.~! and 827 em.~' indicated 7-10% of RCH:CR’R” (two RCH:CR’/R” 
groups per mol.). A small proportion (~12%) of C=C—S was, however, 
present (light absorption: max. 2350 A; e 940), indicative of tetrasubstituted 
double bonds. 

A further reaction for 6 hrs. at 140° + 1° with sulfur (5.0 g.), diethylamine 
(15.0 g.), and (1) (40.0 g.) gave the cyclic sulfide fraction (7.5 g.) containing 
thioamides, which on acid extraction and frs ictionation gave: (i) b.p. 88-94°/15 
mm. (2.9 g.), np” 1.4961 [Found: C, 71.55; H, 10.85; N, 0; 8, 16.65; M (ebulli- 
oscopie in bensene), 156, 159]; and (ii) i hee: 100-125° ‘5 mm (2.94 s), te 
1.5155 (Found: C, 65.85; H, 9.65; N, 0.54; 8, 22.6%; M, 178, 181). A trace 
of the di-isoprene D) was present in (i). A band at 890 em.~' due to CHg:- 
CRR’ groups in the infrared spectra of (i) and (ii) suggested that more of 
(VII) was obtained in this shorter reaction period, the amount of (VIT) in (i) 
and (ii) being 40% and 30% respectively. The saturated ring (II) was present 
in both fractions, but neither (V) nor (VI) was detectable. Ultraviolet exam- 
ination was not carried out in this experiment. The polysulfide reside (8.1 g.) 
was purified by chromatography on alumina (Found: C, 59.55; H, 9.9; N, 0.11; 
8, 30.5. Cale. for CopHygS,: C, 59.1; H, 9.4;8, 31.5%). The presence of only 
mono- and di-sulfide cross-links in this material (ef. XIV) was confirmed by 
sulfite treatment. Thus, the total sulfur loss' was 1.4% (5 hrs. at 100°, using 
10% sodium sulfide solution). 
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Reactions of the cyclic sulfide fraction (i).—(a) Hydrogenation.—The sample 
had b.p. 85-90°/10 mm., n?° 1.4887 (Found: C, 70.5; H, 11.35; 8, 18.2%; C 
H, 10:19.3). Infrared analysis revealed 15% of CH2:CRR’. The sample 
(3.04 g.), when hydrogenated over palladium on charcoal”, absorbed 240 ml. of 
hydrogen (N.T.P.); unsaturation, 60%/mol. The product, b.p. 85-87°/10 
mm., 22° 1.4800 (Found: C, 70.0; H, 11.65; 8, 18.4. Cale. for CyoHooS: C, 
69.8; H, 11.6; 8, 18.6%), contained no thiol, but infrared analysis showed that 
it consisted of (II) and (VI); the amount of the former had remained constant, 
but that of the latter had increased. A second sample of cyclic sulfide, free 
from (II) and (VI) by fractional elution from silica gel and shown by infrared 
analysis to contain only CRR’:CR’”’-SR”-type unsaturation due to (VIII), 
was similarly hydrogenated. The theoretical amount of hydrogen was ab- 
sorbed (one double bond per molecule), and infrared analysis of the product 
revealed pure (V1). 

(b) Reaction with thiolacetic acid.—The cyclic sulfide sample used contained 
both (II) and (VI), but the unsaturation was almost entirely due to (VIII), 
being of the tetrasubstituted type. Freshly distilled thiolacetic acid (10 g.) 
and the cyclic sulfide sample (15 g.) were irradiated with ultraviolet light for 
7 hrs. at 15°. Distillation yielded: (1) unchanged acid (9 g.), b.p. 85-90°/760 
mm.; (2) saturated cyclic sulfide, b.p. 80-90°/10 mm. (12 g.), shown by infra- 
red analysis to be a mixture of (II) and (VI) unaffected by irradiation; and 
(3) the thiolacetate, b.p. 73-77°/0.01 mm. (3.1 g.). Hydrolysis of the ester 
with aqueous-ethanolic potassium hydroxide under nitrogen gave 2-ethyl-5- 
(1-mercapto-1-methylethyl)-2-methylthiacyclopentane (1X), b.p. 48-50°/0.01 
mm., n2° 1.5160 (Found: C, 58.8; H, 9.85; 8, 31.0; SH, 16.1 CyoHoeS, requires 
C, 58.8; H, 9.8; 8, 31.4; SH, 16.2%), presence of the five-membered ring bing 
confirmed by comparison of the infrared spectrum with that of (VI). 

(ce) Isomerization.—A sample of cyclic sulfide containing 14% of CHg:- 
CRR’ unsaturation due to (VII) was heated in vacuo with a catalytic amount 
of sulfur for 48 hrs. at 140°. The infrared spectrum of the product revealed 
7% of CHe:CRR’ unsaturation, no other appreciable change being detected. 
The ultraviolet spectrum indicated that €2300 increased from ~1100 to ~1700 
during the heating, the increase being due to 7% of C=C—S chromophore. A 
blank experiment, omitting sulfur, confirmed the absence of purely thermal 
isomerization of (VII) to (VIII). 

In these experiments, the estimates of the C=C—S grouping were based on 
the highest extinction coefficient with max. (ethanol) 2290 A [e 7750 was re- 
corded for samples of (VIII) which contained no other type of unsaturation”. 

Reactions of the cross-linked polysulfide fraction (iii).—Hydrogenolysis.—: 
The main sulfide fraction (iii) from reaction of (I) with sulfur-diethylamine 
(20 hrs. at 140°) was purified by chromatography on silica gel and by molecular 
distillation; it had n5° 1.5390 [Found: C, 62.7; H, 10.0; 8, 27.6%; M (ebulli- 
oscopic in benzene), 400], corresponding to 2 olefin units per 3-4 sulfur atoms. 
The infrared spectrum revealed 6-10% of RCH:CR’R” groups (two RCH: 
CR’‘R” groups/mole), and CH,: CRR’-type unsaturation was absent. Lithium 
aluminum hydride (1.50 g.) was stirred rapidly at room temperature with tetra- 
hydrofuran (50 ml.), while (iii) (4 g.) was slowly added, the mixture then being 
refluxed for 4 hrs. After decomposition with ice and 2N sulfuric acid, two 
main fractions were isolated : 

(a) B.p. 60-65°/0.5 mm. (55.0°/0.1 mm.) (2.4 g.), ni° 1.5168 [Found: C, 
59.0; H, 10.0; 8, 31.25; SH, 17.6%; M (ebulliosecopic in benzene), 204. Cyo- 
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HopSs requires C, 58.8: H, 9.8: 8, 31.4: SH, 16.2%: M, 204 1, The thiol was 
largely saturated, the spectrum revealing <10° of RCH:CR’R” (one C:C 
per/M = 204). Comparison of the infrared spectrum of (a) with those of 
(XII) and 3,7-dimercapto-2,6-dimethyloctane” confirmed that the latter two 
dithols were absent. Comparison with the cyclic thiol sulfide (1X) obtained 
from the reaction of thiolacetic acid with the cyclic sulfide fraction revealed 
that the two were almost identical. Excess of 10% mercuric cyanide with (a) 
in ethanol gave an oil which could not be crystallized, and aluminum bromide 
with (a) in benzene gave an immediate evolution of hydrogen sulfide. 

Fraction (b) was a clear, yellow short-path distillate (1.30 g.), n2° 1.5185 
Found: C, 65.7; H, 10.6; 8, 23.9; SH <1%; M (ebullioscopic in benzene), 
338]. The infrared spectrum was practically identical with that of the cyclic 
thiol sulfide (IX), apart from the SH band; RCH:CR’R” type unsaturation 
(20%) probably due to (XV) was present [ Calc. for CooHgsSo: C, 70.1; H, 11.1; 
S, 18.7. Cale. for CooHasS3: C, 64.2; H, 10.2;S, 25.9. Cale. for (XIV; z 1) 
and (XV) in the ratio 1 to 4: C, 65.5; H, 10.4; 8, 23.5% J. 

The ultraviolet spectrum of the cleavage thiol (a) above showed little 
greater absorption than expected for a saturated sulfide with two sulfur atoms 

Squalene polysulfide.—Squalene (13.0 g.), purified by molecular distillation, 


and sulfur (1.4 g.) were heated for 8 hrs. at 140° + 1° in vacuo”. The product 


was distilled in a short-path still for 8 hrs. at 140°, and the infrared spectrum 
of the residual polysulfide examined for cyclic sulfide structures 
Ebonite.—Samples containing ~32% of sulfur were prepared from pale 
crepe by R. I. Wood, in very thin sheets suitable for spectroscopic examination. 
No auxiliary accelerators or ebonite dust were incorporated. The infrared 
spectra of 5-hr. and 30-hr. vuleanizates were identical and unaltered by acetone 


extraction. The ebonite spectra were compared with those of the cross-linked 
sulfide (XIV) from (I) and of squalene polysulfide. Distinct similarities were 
apparent, in particular a band at 945 em.~' in (XIV), 953 em.~' in squalene 
polysulfide, and 947 cm.~' in ebonite, of quite similar shape and intensity in all 
three which was not present in the pure hydrocarbons. The band appeared to 
be related to the 958, 942 em.~' doublet in (VI) and to the 947 em.~' band in 
(IX), strongly suggesting the presence of this type of grouping. 


SUMMARY 


2,6-Dimethylocta-2,6-diene (I) with the sulfur-diethylamine combination at 
140° C yields mainly saturated cross-linked sulfides, R-S,-R, where R contains 
thiacyclopentane groups adjacent to the sulfide cross-link (x | or 2), together 
with the cyclic sulfides (II) and (VI), (VII), and (VIII), formed by the intra- 
molecular sulfuration of (I). Infrared spectroscopic evidence suggests the 
occurrence of similar cyclic structures in squalene polysulfide and in ebonite 
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MICROSTRUCTURES OF POLYBUTADIENES AND 
BUTADIENE-STYRENE COPOLYMERS * 
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In the polymerization of butadiene or butadiene and styrene, increasing the 
temperature of polymerization increases the amount of cis-1,4 addition in the 
polymer and decreases the amount of trans-1,4 addition; the amount of 1,2 
addition does not change very much. The catalyst used, i.e., an emulsion sys- 
tem or ionic system, changes the amounts of these types of addition in the poly- 
mers. Little, if anything, is known about the effect of other variables in the 
polymerization recipes on the microstructure of polymers. During the past 
two years, a large number of polybutadienes and butadiene-styrene copolymers 
have been prepared in these laboratories, in which various changes were made 
in the recipes, with the object, mainly, of increasing the amount of cis-1,4-addi- 
tion. The amounts of cis-1,4-, trans-1,4-, and 1,2-additions, as well as amount 
of styrene when present, were determined spectroscopically for many of these 
polymers. These data yield quantitative conclusions regarding the effect of 
some recipe variables aad the polymerization reactions 


EXPERIMENTAL 


The amounts of cis-1,4-, trans-1,4-, and 1,2-additions and styrene were 
determined by a spectroscopic methed'. The polymers were purified for analy- 
sis by dissolving in carbon disulfide, filtering to remove gel, precipitating with 
methanol, and redissolving in carbon disulfide. The methanol was removed 
from the polymer before the solution was made up by swelling with carbon di- 
sulfide and drying under vacuum. During this process a small amount (about 
0.02%) or 2,5-di-tert-butylhydroquinone (Santovar O) or phenyl-2-naphthyl- 
amine (PBNA) was added to inhibit oxidation. The concentrations of the 
solutions used were about 35 grams per liter. 

The absorbances of the carbon disulfide solutions of the purified polymers 
were measured with a Beckman IR2 spectrophotometer. The readings were 
corrected for the differences in the transmittances of the standard cell and the 
sample cell and also for the stray light at 14.29 and 14.70 microns. The same 
slit widths were used in making the measurements as in obtaining the calibra- 
tion curves. The absorbances for the styrene determination were corrected for 
the deviations from Beer’s law and, when necessary, the absorbances at 14.70 
microns were corrected for the absorption due to the 13.9-micron band, which 
is often found in the spectra of sodium-catalyzed polybutadienes. 

The results of the analyses are given in Tables I to VIII, which divide the 
polymers either according to the temperature of polymerization or the catalyst 
used. Unless it is stated otherwise, the polymers were prepared with a con- 
ventional emulsion recipe, the variations being given in the tables. In these 


* Reprinted from Industrial and Engineering Chemistry, Vol. 46, No. 8, pages 1727-1730, August 1054 
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tables the ‘Total found” is the amount of polymer in solution found by the 
analysis (the sum of the cis-1,4-, trans-1,4-, and 1,2-components) divided by the 
amount of polymer in solution found by determining the total solids. If there 
is one double bond for each C,H, unit, this value should agree with the total 
unsaturation of the polymer. Thus, with emulsion polybutadienes the total 
found should be about 98 per cent and with sodium-catalyzed polybutadienes 
it should be about 92 per cent. Consequently, an analysis of an emulsion 
polymer is considered to be more reliable when the total found is 96 to 98 per- 
cent than when it is 101 to 110 per cent. In those few cases for which the total 
found is larger than 110 per cent, there are changes in the spectra of the poly- 
mers which show that the polymers are unusual. An accurate analysis would 
not be expected for them. Not all of the butadiene-styrene copolymers re- 
ported here were extracted with alcohol-toluene azeotrope (70 to 30 by volume), 
which has been found to reduce the styrene result slightly and to reduce total 
found values of 101 to 102 per cent to about 98 per cent. 

Analyses of two samples of the same polymer have repeatedly given results 
that agree to about 0.5. Thus, for those analyses in which the total found is 
less than 100 per cent, changes in the amounts of cis-1,4-, trans-1,4-, or 1,2- 
additions of 1 or more, i.e., 20 or 21, 70 or 71, ete., are thought to be real. If 
the total found is 100 to 110 per cent, the certainty of the results is less, par- 
ticularly for the cis-1,4- and 1,2-additions. In these cases differences of 2 in the 
cis-1,4- and 1,2-determinations are probably real, while for the trans-1,4- 
determination a difference of 1 is probably real. 


DISCUSSION 


Of the low temperature polymers listed in Table I, it seems rather surprising 
that the composition of the butadiene part of the —29° C copolymer is so 
similar to —33° C polybutadienes. It would have been expected, on the basis 
of polymers made at other temperatures, that the amount of trans-1,4-addition 
in the copolymer would be considerably greater than is found in polybutadienes 
made at the same temperature. Thus, at least for this copolymer, adding 
styrene had no effect, but more copolymers should be measured before a definite 
conclusion isdrawn. The other polymers show the usual effect of increasing the 
temperature of polymerization; the amount of cis-1,4-addition increases. 

The results given in Table II for 5° C polymers show that while increasing 
the amount of soap from 4.2 to 16 per cent does not change appreciably the 
amount of trans-! ,4-addition, the amount of cis-1,4-addition is decreased while 
that of the 1,2-addition is increased. For recipes containing 8.8 per cent potas- 
sium oleate, increasing the modifier decreases the trans-1,4-addition slightly 
(beyond the experimental error) and increases the cis-1,4-addition. It is clear 
that changing the amount of dextrose or using diisopropylbenzene hydroper- 
oxide and sodim dimethyldithiocarbamate in copolymer recipes does not change 
the composition of the butadiene fractions from the average. The nitrazole 
recipe does increase the amount of trans-1,4-addition while decreasing the cis-1,4 
and 1,2-additions. For the oil-masterbatch low-temperature polymer some oil 
apparently was left in the polymer (low total found), which evidently had 
changed the composition from that found for other low-temperature polymers. 

Of the 50° C polymers listed in Table III, only two, 796 and C3-61, differ in 
composition from the average for the whole table (given in Table [X). Except 
for these, the method of preparation does not appear to affect the amounts of 
cis-1,4-, trans-1,4-, or 1,2-additions. Adding styrene did not increase the 
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TasLe IV 
COMPOSITIONS OF POLYBUTADIENES PREPARED at 70° C 
Polymer % trane- Y Total 
no Soap Catalyst Modifier cis-1,4 1,4 1,2 found 
987 NaOSR Persulate t-OM¢ 20.5 594 20.1 94.5 
YRS Armeen-12D° Persulate t-OM 20.3 59.7 20.1 95.0 
FR&89-1 NaOSR Nitrazole-CF MTM: 20.5 59.7 19.8 98.3 
FR&89-2 NaOSR Nitrazole-CF MTM 21.9 659.7 19.0 96.6 


* tert. Octanethiol 
+ Dodecylamine 
¢ Mixed tertiary thiols 


trans-\ ,4-addition in the butadiene part of the copolymer as much as with 5° C 
copolymers. 

There are no significant differences in the compositions of the 70° C poly- 
butadienes. 

Only a few emulsion butadiene-styrene copolymers were made in bombs at 
100° C, the results of which are given in Table V. The amount of styrene 
found in the polymers is greater than would be expected from the loading, and 
the author has no explanation for this. As expected, the amount of cis-1,4- 
addition is greater and that of trans-1,4-addition is less than in lower tempera- 
ture polymers. 

In examining the tables, it will be observed that polymers having different 
compositions have been prepared, using the same recipe at the same tempera- 
ture. These differences are not due to analytical errors, because the infrared 
spectra of the polymers show that they are not identical. There are many 
possible causes for such variations, when polymers are prepared at different 
times, such as changes in the monomers, in the emulsion, or in other commercial 
products used in the recipes. Foster and Binder? showed that conversion has 
no effect on the composition of 50° C butadiene-styrene copolymers and this 
probably applies to polymers made at other temperatures. 

The averages of the amounts of cis-1,4-, trans-1,4-, and 1,2-additions in 
polybutadienes and the butadiene part of butadiene-styrene copolymers given in 
the foregoing tables have been listed in Table IX. Only polymers of similar 
preparation are included. Thus, for example, 5° C polymers made with a 


TABLE V 


COMPOSITIONS OF BUTADIENE-STYRENE COPOLYMERS 
PREPARED at 100° C 


Polymer / trans Total 

no Load Soap Catalyst Modifier cis-1,4 1,4 %iA2 % Styrene found 

906-3 70/30 NaOSR  Perox. 15.0 39.3 119 33.8 97.) 
22.7 59.4 18.0 Bd = 100 

39-1 70/30 KOSR Perox. Sulfole 15.5 41.0 11.8 31.7 94.5 
22.77 60.0 17.3 Bd = 100 

39-3 70/30 KOSR Perox. Sulfole 15.1 404 11.9 32.6 95.2 
22.4 599 17.7 Bd = 100 

1140 70/30 Lecithin Perox. DDM 156 420 11.9 30.6 SS.8 
224 60.5 17.1 Bd = 100 

1071 76/24 KOSR AIBNe Sulfole 14.1 463 14.1 25.6 103.6 
19.0 62.2 19.0 Bd = 100 

1072 76/24 KOSR Perox. Sulfole 15.2 46.1 14.0 24.6 101.7 
20.1 61.0 18.6 Bd = 100 


* Azoisobutyronitrile 





MICROSTRUCTURES OF POLYMERS 
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Variation of cis-1,4-, trana-1,4,- and 1|,2-additions in polybutadienes 
vutadiene-styrene copolymers with temperature 


high-soap recipe were not used in obtaining the averages or polymers with large 
(110 per cent) total found values. These data, as well as the results for some 
of the low temperature butadiene-styrene copolymers, are plotted in Figure | 
The results for trans-1,4- and 1,2-additions, given by Foster and Binder? for 
copolymers containing 21 per cent styrene, fall on these curves, but that for 
cis-1,4-addition does not. It might be thought that, at least above 5° C, one 
line would represent all the points for cis-1,4-addition in polybutadienes and 
butadiene-styrene copolymers within the experimental error. However, the 
work of Foster and Binder? definitely shows that adding styrene to make a 
copolymer certainly reduces the amount of cis-1,4-addition at 50° C. Thue 
the difference in the cis-1,4-curves for polybutadienes and butadiene-styrene 
copolymers is real, even though small. Since the curves for trans-1,4- and 1,2- 
additions in the two types of polymers apparently diverge, it is unfortunate that 
polymers made at higher temperatures were not available, so that the directions 
of these curves could be established. 

The data of Tables I to VI show that the possibilities of change in the 
structure of polybutadienes or butadiene-styrene copolymers are limited with 
emulsion systems or by changing the diluent with some alfin catalysts. The 
data of Table VII show, however, that many appreciable changes can be made 


Tasie VI 


COMPOSITION OF ALFIN-CATALYZED POLYBUTADIENES 


Polymer lemp 
no } 


tw 


Preparation 


MS1426 50-150 

MS1612 n-Butane diluent 

MS1613 n-Pentane diluent 

MS1614 Cyclopentane diluent 

MSI615 ( Vidaleiteme diluent 

MS1616 Methycyclohexane 
diluent 

MIT Methycyclohexane 
diluent 
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Tasie VII 


ComposiTions oF ALKALI Metat-CaTaLyzep POLYBUTADIENES 


Polymer Temp Preparation cis trane % Total 
no Cc -_Y —- 14 14 1,2 found 
BSIPAQ 30 12Na_ 1.0 Dioxane 5.0 MCH 100 Butane 112 188 800 05.8 
BIPCS 50 06Na 0.5 Dioxane 5.0 MCH 100 Butane 74 194 729 101 
BIPD! 61 O23 Na 035 Dioxane 3.5 OMCH 100 Butane 92 210 698 92.7 
81PF! 76 O23 Na 035 Dioxane 500MCH 100 Butane 18.2 19.5 63.7 92.6 
M81256 30 NaH ‘ 162 154 684 95.2 
MS81428 30 NaH 1443 163 604 93.1 
10739-11 30 O3Na_ 100 Bd. 100 n-pentane 97% conv 8.1 247 67.0 91.7 
10739-23 45 O32 Na 100 Bd. 75/25 n-pentane/MCH 100% conv 13.1 26.7 602 05.6 
10739-26 45 016K 100 Bd. 25/75 n-pentane/MCH 94% conv 1440 407 453 95.8 
10739-28 45 016K (50-50:Na-K) 100 Bd. 200 pentane 80 433 489 98.8 
7BPCI7A10 77 0.14 K (90-10:Na-K) 100 Bd. 75 butane 3445 199 456 1000 
78PCIBA42 93 006K (90-10:Na-K) 100 Bd. 60 butane 344 19.1 465 100.1 
78PCiBA43 88 0.07 K (90-10:Na-K) 100 Bd. 60 butane 346 188 466 1033 
78PC23 50 82 309 609 92.1 


in the structure of polybutadienes, using alkali metal catalysts. These changes 
are not limited to changes in the distribution of double bonds between cis- 
RCH=CHR,, trans-RCH=CHR,, and RCH=CH, structures given in the 
table but also, as the infrared spectra of the polymers show, apply to other 
structural features of the molecule, most of which are still unknown. Thus 
in 30° to 70° C sodium polybutadienes a band is found at 13.9 microns, which 
is not found in the usual emulsion polybutadienes. This band is probably due 
to —CH,-CH,:CH,:-CH,:CH-—structures, which indicates some rearrange- 
ment or reduction in the polymer. Ifthe sodium polymer is made at —18° C 
this band is not found in the spectrum. Potassium-catalyzed polybutadienes 
always have additional bands at 13.9 and about 14.3 microns in their spectra. 
The origin of the 14.3-micron band is not known. If promoters, such as di- 
methoxytetraglycol, are used with an alkali-metal catalyst, the changes in the 
polymer, as shown by the infrared spectra, are so great that it is dubious whether 
the polymer is a polybutadiene in the same sense as, say, an emulsion poly- 
butadiene in which only 1,4- and 1,2-additions occur. 

Morton*® and Meyer, Hampton, and Davison‘ have also reported large 
changes in the microstructures of sodium polybutadienes. These authors did 
not give total found values, so a strict comparison with the values reported here 
cannot be made. Regardless of the actual values for the amounts of the differ- 
ent types of additions, however, the results agree in magnitude, so that the 
same conclusions are reached. 

Some generalizations can be made from the results of Table VIII, which are 
probably true for polybutadienes prepared with sodium or potassium catalysts 
under any conditions. Regardless of the temperature or solvent, it seems likely 
that a sodium catalyst always causes a large amount (about 70 per cent) of 


Taste VIII 


CoMmPosiTIONS OF MISCELLANEOUS POLYMERS 


% % % 
Polymer Temp cise trane % Y Total 
no °C) Lead Soap Catalyst Modifier 1,4 14 1.2 Styrene found 
B1051-54-58 30 70/30 Mixed Nitrazole-CF Sulfole 11.1 509 128 25.3 94.5 
Bd./Sty 148 68.1 17.1 Bd = 100 
T+s4-1 25 100 Bd KOl UV light 156 660 i184 101.1 
Swedish 
polybuta ? ? 4 108 73.1 16.1 ou4 
diene 
Buna-83 417 75/25 Sulfonated § Persulfate 15.2 530 138 18.1 84.5 
Bd./Sty. emulsifier 18.6 647 168 Bd = 100 








MICROSTRUCTURES OF POLYMERS 


TaBLe IX 
AVERAGES OF ANALYSES OF POLYBUTADIENES AND 
BUTADIENE-STYRENE COPOLYMERS 


Butadiene part of 
Polybutadienes (%) Bd./Sty. copolymer (%) 
Y oe 


— —A— 


Temp 
(°C) 


cia-1,4 trana-1,4 1,2 ctia-1,4 trans-1,4 
33 54 78.9 15.6 (5.4) (80.4) 
5 13.0 69.9 16.5 12.3 71.8 
5D 19.0 62.7 18.8 18.5 65.3 
70 20.8 59.4 19.8 (20.0) (63.0) 
100 22.5 60.1 


* Values in parentheses from curves of Figure | 


1,2-addition, and that a potassium catalyst results in about equal amounts of 
trans-1,4- and 1,2-additions. With a 50-50 sodium-potassium catalyst, the 
cis-1,4-addition is apparently governed by the sodium and the trans-1,4- 
and 1,2-additions by the potassium in the catalyst. There seems to be no 
reason why a 90-10 sodium-potassium catalyst should act differently from a 
50-50 catalyst. Then the polybutadiene composition using a 90-10 sodium- 
potassium catalyst at 45° C should be similar to that of the 50-50 sodium- 
potassium catalyst. If this is so, it means that increasing the temperature 
about 40° C has increased the cis-1,4-addition far more than was found with 
emulsion polymers for a similar temperature change. This increase is evidently 
at the expense of the trans-1,4-addition. 

The data of Table VII raise many questions about the effect of catalyst con- 
centration, solvents, and promoters. There are many changes in the distribu- 
tion of the double bonds, but not enough data are yet available to show how 
great is the effect of solvent, promoter, or temperature for various catalysts 
It seems certain, however, that such catalysts offer far greater possibilities for 
changing the structures of polymers than does emulsion polymerization. It 
would be interesting to study polymers made with these catalysts at much 
higher temperatures and also polymers catalyzed with cesium and rubidium 


CONCLUSIONS 


The results of the analyses reported here show that, while the amount of 
cis-1,4-addition increases with increasing temperature of polymerization, a 
polybutadiene containing 100 per cent cis-1,4- or trans-|,4-addition cannot be 
made at any practical temperature. At least up to 100° C, the amount of 
trans-1,4-addition in the butadiene part of a butadiene-styrene copolymer is 
always greater than in the corresponding polybutadiene, while the amounts of 
cis-1,4- and 1,2-additions are less. 

Although it seems likely that the changes in the microstructure of poly- 
butadienes and butadiene-styrene copolymers which can be made in emulsion 
systems are small, many such changes are probably possible with alkali-metal 
catalysts in bulk systems. 
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SUMMARY 


Polybutadienes and butadiene-styrene copolymers were prepared to study 
the effect of recipe variables on the physical properties and to learn whether 
there are correlations between the microstructures and physical properties. 

The changes in the microstructure of emulsion polybutadienes and buta- 
diene-styrene copolymers of the types studied, which can be produced by either 
recipe variables or changes in temperature, are limited. The maximum amount 
of cis-1,4-addition amounted to 23 per cent (in the butadiene part of butadiene- 
styrene copolymers) at 100° C, the maximum amount of trans-1,4- was about 
80 per cent at —35° C, and the maximum amount of 1,2-addition was about 20 
per cent. While the amount of cis-1,4-addition increases with increasing tem- 
perature, it is unlikely that polymers containing even 50 per cent cis-1,4-addi- 
tion can be made at practical temperatures in erulsion systems. The struc- 
tures of polybutadienes may be changed markedly by alkali-metal catalysts. 
The structure is affected by the kind of catalyst, by the temperature, and by 
promotors. 

Emulsion polymerizations are not likely to yield improved polymers for 
practical uses, but much can be done to tailor polymers for specific uses by 
using alkali-metal catalysts in bulk or solution systems. 
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INTRODUCTION 


The purpose of the work reported in the present paper is to extend certain 
previous measurements! on the dynamic mechanical properties of vulcanized 
Buna-N rubber. The relation of the present study to that previous work will 
first be explained briefly. 

In a portion of the previous investigation', the propagation constants for 
longitudinal waves in a thin strip of a Buna-N gum vulcanizate designated as 
B-1 (compound formulas are given at the conclusion of the present paper) were 
measured at various frequencies in the range 1000—20,000 eps, and values of 
the (complex) dynamic Young’s modulus as a function of temperature and fre- 
quency were derived from the results. The sample was under 5 to 10 per cent 
static elongation; hence, the result was designated as a differential dynamic 
modulus. It was found that the dispersion range on the temperature scale 
(that is, the range of temperature in which the logarithm of the real part of the 
modulus is increasing approximately uniformly with decreasing temperature) 
had a width of about 25° C, and that the center of the dispersion range moves 
upward in temperature by about 10° C for a 10-fold increase of frequency. 
These results were essentially confirmed at frequencies up to 70 ke, in the same 
investigation, by magnetostriction-rod measurements on a Buna-N gum vul- 
canizate designated B-100; in this case the width of the dispersion range and 
the effect of changing frequency were somewhat larger than the values given 
above. In the magnetostriction method, the experimental result was a differ- 
ential modulus in the sense that the sample was under a static compression of 
several per cent. 

In another portion of the earlier investigation, the compound B-1 and also 
an unvuleanized Buna-N gum (Hycar OR-15) were examined by a vibrating- 
reed method. In this method, which depends on observing the resonant fre- 
quency and the band width for a vibrating cantilever formed from the specimen, 
there is no static deformation of the sample, and, moreover, the frequency in- 
creases as the real part of the modulus increases. A typical frequency range 
for a single reed, as the temperature was varied, was 25 to 600 cps. The vi- 
brating-reed results differed from the results cited for higher frequencies as 


* Reprinted from the Journal of Applied Physica, Vol 3, pages 350-354, March 1954. The 
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follows: (1) the width of the dispersion range on the temperature scale was 
15° C or less for the reed measurements, compared with a value of about 25° C 
for higher frequencies; (2) the dispersion range, observed by the reed method, 
occurred at a higher temperature than that predicted from the longitudinal- 
wave results. The second point suggests that the temperature of maximum 
dispersion becomes less frequency-sensitive as the frequency is lowered. The 
same general results were found for a carbon-loaded Buna-N compound, B-5; 
point (2) was particularly pronounced in this case. 

Because of the differences cited above between the vibrating-reed method 
and the methods used at higher frequencies, it was considered possible that the 
apparent differences (1) and (2) between results at low frequencies and those at 
high frequencies were introduced by the experimental techniques. To examine 
this possibility, it is desirable to make a set of low-frequency measurements by 
a method in which the sample is elongated differentially, in a fashion directly 
comparable to the local deformation in the longitudinal-wave experiment which 
was used at higher frequencies. Such low-frequency measurements are re- 
ported below. Since the frequency range of the present work is 0.05 to 1.0 eps, 
the lower frequency limit of the measurements is extended considerably below 
previous values 


DEFINITION OF TERMS 


The differential dynamic Young’s modulus reported in this study follows 
the convention used previously. The expression: 


E* = FE, + jE; (1) 


defines the complex modulus, where £, is a measure of the magnitude of elastic 
force which is in phase with a sinusoidal displacement, and £2 is a measure of 
the viscous force which is out of phase with the displacement by w/2 radians. 
Both FE, and HE», have the dimensions dynes per sq. cm. 

For a sample of length / and cross-sectional area A, subjected to a pure 
elongation ¥, the force contribution F due to the real part EZ; of the Young’s 
modulus is given by 


F = E,Ay/l (2) 


The quantity Z, may be defined by the expression EZ, = yw, where + is the 
‘normal viscosity coefficient’, which agrees with the geometrical definition of 
Young’s modulus rather than with that of the usual shear viscosity coefficient, 
and w is the frequency of applied stress in radians per second. 

An additional relationship reported is the loss factor defined by the expres- 


sion 


E;/E. = cot@ (3) 


where @ is the phase angle of the mechanical impedance 


THE EXPERIMENTAL APPARATUS 


An electromechanical low-frequency force generator is used to impart 
sinusoidal elongations to the sample. The magnitude of the elongation is 
detected by the effect of a change in capacitance on the frequency of an rf 
oscillator. A voltage proportional to the applied force is derived from the 
force generator, and a voltage proportional to the magnitude of the differential 
elongation is supplied by a frequency discriminator circuit. The two voltages, 
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when applied to the axes of a cathode-ray oscilloscope, produce a Lissajous 
figure display which provides a measure of the applied force, the resulting 
elongation of the sample, and the phase difference between the two. Figure | 
is a functional block diagram of the major components of the apparatus. 

The sinusoidal force is derived from the interaction of a soft iron slug and 
the magnetic field of an ironclad solenoid which is energized with a sinusoidal 
current of the desired frequency. The low-frequency current source is com- 
prised of a rotary inductor (Selsyn generator) driven mechanically by an electric 
motor through a variable speed transmission and a rectifier circuit to demodu- 
late the generator output. 
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Fie. | Block diagram of experimental apparatus 


The displacement detector consists of a two-plate, constant-area, variable- 
separation condenser pickup in the tank circuit of an rf electron-coupled oscil- 
lator, and a frequency discriminator. One plate of the condenser pickup is 
affixed to the drive rod of the apparatus, and the other plate is mounted to the 
apparatus frame, so that the variations in plate separation are equal to the 
magnitudes of the differential elongations of the sample 

The rubber sample is in a thermostatically controlled box provided with 
forced air circulation. Solid carbon dioxide is used as the cooling agent, sup- 
plemented with coils attached to a constant-temperature bath. 

Detection is by means of a cathode-ray oscillograph with long-persistence 
screen and high-gain de amplifiers. The Lissajous figures displayed on the 
screen are photographed with a 35-mm. oscillograph camera to furnish a film 
record of the fundamental data. 
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THE EXPERIMENTAL PROCEDURE 


A strip of Buna-N rubber, compound B-100, of uniform rectangular cross- 
section, 0.10 em. thick, 0.21 em. wide, and 9.74 cm. in length, was used as the 
sample. Under the influence of the drive rod assembly, a 5 per cent static 
stress was imposed on the sample. All calculations of modulus were based on 
the strained length and corresponding cross-section area of the sample. 

The adjusted cross-section area was determined on the basis of the per cent 
static elongation from the relationship: 


A Ao/1.05 (4) 


where A is the cross-section area of the stretched sample, and Ag is the cross- 
section area of the undistorted sample. This calculation assumes an un- 
changed volume of the sample for the deformation imposed. 

All data were taken at selected temperature intervals from 30 to —22° C, 
the selection being based on the reaction of the sample to changes of tempera- 
ture, determined during a trial run in order that the steep portions of the 
modulus curves might be well defined. At the predetermined temperatures, 
data were taken for each of the three frequencies, 0.05 cps, 0.1 eps, and 1.0 eps. 

The information obtained from the Lissajous figures provides a measure of 
the total mechanical impedance of the system, from which the complex modu- 
lus of the rubber sample may be obtained when the mechanical resistance and 
mechanical reactance of the apparatus are known. 

Equivalent mechanical circuits are derived for the various conditions of 
measurement, and the contributions of the apparatus to the total mechanical 
impedance of the oscillating system were determined by observing the response 
of the system when elements with known mechanical properties were substi- 
tuted for the sample 

The general problem may be defined in the following way: 

F 


Zan Ry + 7Xm (5) 
jw ’ 


where Z,, is the total mechanical impedance of the oscillating system, wW is the 
displacement resulting from an applied force F, w is the frequency in radians per 
second, R,, is the total mechanical resistance of the system, and X,, is the total 
mechanical reactance of the system. 

The known contributions of the apparatus may be substituted in the ex- 
pressions derived from the equivalent mechanical circuits and the values deter- 
mined for the contribution R, of the rubber sample to the effective mechanical 
resistance of the system and the contribution K, of the sample to the mechani- 
cal stiffness of the system. Values for EZ; and EZ, may then be computed from 
the expressions : 


E, = Kjd/A (6) 
E, = Rlw/A (7) 


The greatest source of error in the measurements arises in the value of de- 
flection sensitivity used. The value was determined from an average of forty- 
eight different micrometer readings. While random variations about the 
average value chosen indicate a probable error of 3 per cent in making the 
measurements of deflection sensitivity, dvnamic measurements of the stiffness 
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of a calibrated spring, using calibration data of the same nature, agreed with 
the spring constant with an error less than 1.5 per cent. 

In view of the existence of certain ‘‘end effects’’ at the clamps and an un- 
certainty in the true effective length and cross-section of the sample, which 
cannot be precisely evaluated, the uncertainty in the actual value of modulus 
is considered to be somewhat greater than 2 per cent. 


RESULTS 


Previous results in the low-frequency range’ extrapolated according to 
certain conclusions drawn from other data show the following characteristics 


(1) A narrowing of the dispersion range in terms of temperature with de- 
creasing frequency is indicated. 

(2) Accompanying the narrowing of the dispersion range, the position of 
the dispersion range on the temperature scale becomes less frequency-sensitive 
as the frequency is reduced. 

The results of the present investigation seem to confirm both conclusions. 
Figure 2 shows a plot of log E, and log E2/H,; vs. temperature for each of the 
three frequencies of applied stress employed. A study of the results shows a 
dispersion range of the order of 10° C, which appears to be consistent with the 
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Fig, 2.—Real part of dynamic Young's modulus F;, and loss factor B2/F;, as a function of 
temperature, for the Buna-N gum vulcanizate B-100. Static deformation: 5 per cent elongation 
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vibrating-reed results previously obtained at about 100 cps. The temperature 
of maximum dispersion does become less frequency-sensitive for frequencies of 
| eps and less. The results of the present study indicate a shift of the disper- 
sion range toward lower temperatures for the decade from 0.1 to 1.0 cps of the 
order of 4° C. The previous results cited above show a shift of the dispersion 
range of the order of 10° per decade for frequencies of several kilocycles. 

Note that the shift of the dispersion range is also evident in the position 
along the temperature scale of the plots of log E./E,. The close correspondence 
of the loss peaks and the region wherein the real part of the modulus increases 
most rapidly is also apparent. 

To assist in further interpretation of the results, the present data for the 
real part of the Young’s modulus have been plotted in Figure 3, together with 
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Fic. 3.—Real part of dynamic Young's modulus £; at various temperatures as a function of frequency 
for the Buna-N gum vulcanizate B-100 of the present study, together with results obtained with a similar 
Buna- N compound B-1 from previous measurements! 


values at higher frequencies, obtained with a similar compound in earlier 
measurements.' In the figure, the modulus as a function of frequency is 
shown for several different temperatures. The absence of a constant relation 
between the frequency derivative of the modulus (on logarithmic scales) and 
the derivative of logarithmic modulus with temperature is evident by inspec- 
tion. For example, for temperatures in the neighborhood of 25° C, and fre- 
quencies in the range 100 to 1000 eps, the effect of a change of one decade in 
frequency can be compensated by a temperature change of some 12 centigrade 
degrees. On the other hand, for temperatures immediately above 0° C, and 
frequencies in the range 0.05 to 1.0 eps, a decade of frequency change corre- 
sponds to only about 3 centigrade degrees of temperature change. 

Ferry’ has pointed out that the “‘method of reduced variables’’ may be used 
to summarize the frequency-temperature behavior of polyisobutylene in a 
single plot of the shear modulus, and its loss factor, as a function of log (waz), 
where w is radian frequency and ar is a function of temperature only. (A 
similar relation holds for the Young’s modulus, which is closely three times the 
shear modulus.) The present work indicates, then, that the method of re- 
duced variables does not apply to data for vuleanized Buna-N rubber over a 
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wide range of temperature and frequency. That this would be the case was 
pointed out by Ferry, who showed that the method of reduced variables applies 
satisfactorily to data for vulcanized Butyl rubber at frequencies in the kilocycle 
range and for temperatures above 0° C, but then remarked that the method 
could not be expected to apply to this compound at very low frequencies, where 
the cross-linked structure would govern the mechanical properties. 

The conclusions from present results go further, however, than simply to 
confirm that the method of reduced variables is inapplicable at low frequencies 
to a cross-linked material. The modulus values which are found in the lower 
part of our temperature range are much larger than those characteristic of 
kinetic-theory elasticity in a cross-linked structure, and apparently represent a 
phenomenon having no special relation to the existence of cross-linkage. The 
failure of the relationship between frequency effects and temperature effects to 
be the same at low and high frequencies seems to argue that the mechanisms 
which govern the temperature dependence of the modulus at low frequencies 
may not be those viscoelastic mechanisms which are important for frequencies 
of the order of one kilocycle and higher. Thus, the concept of a low-tempera- 
ture stiffening phenomenon, which, unlike the other effects, is a unique function 
of temperature, is not ruled out. The effect becomes observable at low fre- 
quencies only; when the frequency is sufficiently large, the low-temperature 
stiffening just mentioned is masked by the large increase of modulus with de- 
creasing temperature which is characteristic of the viscoelastic mechanisms to 
which the reduced-variable concept does apply. This is a reassertion of the 
suggestions which were advanced on the basis of the earlier tentative low-fre- 
quency data!. 

Recent low-frequency measurements of the dynamic shear modulus for 
several different elastomers are reported by Philippoff*’. Unfortunately, a com- 
parison of his results with those reported in this paper is limited, since his meas- 
urements thus far reported were all made at room temperature. It is interesting 
to note, however, that the modulus at very low frequencies becomes substanti- 
ally independent of frequency in the case of the cross-linked polymers studied 
by Philippoff, as well as in the Buna-N vulcanizate of the present study 


SUMMARY 


The linear dynamic Young’s modulus of a vulcanized Buna-N gum rubber 
was measured at frequencies of 0.05, 0.10, and 1.00 cps, in the temperature 
range —22° C to 30° C, by a method in which a small differential sinusoidal 
elongation is superimposed on a 5 per cent static elongation. The width of 
the dispersion range on the temperature scale (the range in which the log- 
arithm of the modulus increases steeply with decreasing temperature) is only 
about 10° C, contrasted with widths as great as 25° C found in previous meas- 
urements on a similar compound at frequencies of several kilocycles. The 
modulus-temperature plot shifts upward by only about 4° C per decade of 
frequency increase of the present range, contrasted with about 10° C per decade 
in the previous measurements at higher frequencies. It is concluded that this 
elastomer cannot be described properly by means of the ‘method of reduced 
variables’’, in which the dynamic properties are ascribed to mechanisms having 
identical temperature dependence, and that the low-temperature behavior is 
governed by mechanisms distinct from those effective in the audio-frequency 
range at room temperature. 








1438 


RUBBER CHEMISTRY AND TECHNOLOGY 





ACKNOWLEDGMENT 





The authors are indebted to the Defense Research Laboratory of the Uni- 
versity of Texas for the loan of a considerable portion of the electronic com- 
ponents of the apparatus and to the Military Physics Research Laboratory of 
the University of Texas for certain facilities used in reducing the data. 


APPENDIX 


Formulas for rubber compounds, in parts by weight: 


Nolle, J. Polymer 
Ferry, Fitzgerald 


Philippoff, J 


B-1: 


B-5 


B-100: 


Hycar OR-15 

Zine oxide 

Sulfur 

Butyl-8 

Methylethy! ketone 

20 minutes’ milling; solvent cast. 


Hycar OR-15 

Zine oxide 

Sulfur 

Butyl-8 

P-33 black (soft thermal black) 
Methylethy! ketone 

Benzoic acid (gel inhibitor) 

15 minutes’ milling; solvent-cast 


Hycar OR-15 

Zine oxide 

Sulfur 

Benzothiazoly! disulfide 
60 minutes at 143° C 
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MECHANISM OF VULCANIZATION OF 
POLYSULFIDE RUBBERS * 


EK. M. Ferres, J. S. Jorczak, anbD J. R. PANEK 


Tutoko. Cuemica, Corporation, Trenton, New Jers: 


The chemistry of natural-rubber vulcanization has been extensively studied 
for many years. Most of the investigations have dealt with sulfur vulecaniza- 
tion, although the mechanism of nonsulfur vulcanization has received attention 
The advent of synthetic rubbers with varying chemical structures and fune- 
tional groups has expanded greatly the possible types and mechanisms of vul- 
canization. One class of polysulfide rubbers, which includes Thiokol Types A 
and FA, is capable of being heat-cured by zine oxide. Although some theories 
have been advanced, the basic mechanism of this type of vulcanization is still 
obscure. The purpose of this paper is to examine the effect of the various in- 
gredients involved in the vuleanization of Thiokol Type FA, and from these 
data to deduce the mechanism involved. 

Thiokol Type FA is prepared by the condensation of dichlorodiethy! formal 
and ethylene dichloride with sodium polysulfide'. The final product has a sul- 
fur rank of 1.80, which means that it contains both monosulfide and disulfide 
links connecting the organic segments. (Rank is defined as the average number 
of sulfur atoms per repeating segment in the polymer.) The resulting polymer 
is a fairly tough rubber. No monofunctional halides are used, and the polymer 
is not treated with reducing agents to split a disulfide link into two thiol groups 
An exact knowledge of the chain terminals is thus unavailable and, because of 
the high molecular weight of the polymer, analytical methods are useless 
Conceivably, the terminals of the chain could be thiol groups produced by the 
excess of sodium polysulfide used in the polymerization’, hydroxy! groups pro- 
duced by alkaline hydrolysis of the organic dihalides, chlorine that did not re- 
act with sodium polysulfide, or a vinyl terminal produced by dehydrohalogena- 
tion. 

The usual basic formulation of Thiokol Type FA contains the following 
ingredients: 

Parts 
Thiokol Type FA 100 
Carbon black (SRF) 60 
Stearic acid 0.5 
Zine oxide 10 
Benzothiazy! disulfide 0.3 
Diphenylguanidine 0.1 


The function of the carbon black is, of course, polymer reinforcement. The 
stearic acid is used as a lubricant. It was felt that neither of these materials 
affected the vulcanization of the polysulfide polymer. The benzothiazyl di- 
sulfide acts as a softening agent, and the amount affects greatly the plasticity of 

* Reprinted from Industrial and Engineering Chemistry, Vol. 46, No. 7, pages 1539-1541, July 1954 


This paper was presented before the Division of Rubber Chemistry of the American Chemical Society at 
the 124th meeting of the Society, Chicago, Illinois, September 9-11, 1953 
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Fie. | Effect of benzothiazy! disulfide on plasticity 


the compound. Figure | shows the effect of varying amounts of this disulfide 
on the Williams plasticity of compounded Thiokol Type FA. The diphenyl- 
guanidine accelerates the softening action. Both of these ingredients, as well 
as the zinc oxide, could be involved in the vulcanization. 

The effect on vulcanization of omission of any or all of these three materials 
is shown in Table I. The peptizing action of the benzothiazy! disulfide is 
clearly shown. With diphenylguanidine present, the plasticity attains its 
minimum value, whereas the full softening effect is not reached without di- 
phenylguanidine. Diphenylguanidine has a slight softening action of its own 


TaBLe | 


Errecr or Omission or Basic CoMPOUNDING INGREDIENTS ON PHYSICAL 
Properties or Turoko. Tyee FA VULCANIZATES 


Plas Tensile Modulus Ultimate Hard 

ticity strength 300% elonga ness 

Zine (Wil (Ib (b./ tion (Shore 
oxide MBTY DPG liams) sq. in aq. in.) (%) A) 
10 0.3 0.1 123 1500 1450 310 70 
10 0.3 146 1725 1550 370 70 
10 0.1 334 1450 1175 100 70 
10 373 1025 - 280 658 
03 0.1 124 500 500 350 55 
0. 165 150 300 450 53 
0.1 350 250 250 480 45 
392 225 210 55 


Formulation. 100 parts polymer, 60 parts SRF black, 0.5 part stearic acid 
Vuleanization time, 60 min. at 298° F 

* Renzothiazy! disulfide 

* Diphenylguanidine 
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in the absence of the benzothiazy! disulfide. The effect of this disulfide is to 
lower the molecular weight of the polymer by disulfide redistribution’ 


(SS—R—S—S ; + R’SSR’ — (SS—R—SR’) + R’SS—R—SS 


This large reduction of plasticity by small amounts of benzothiazyl disulfide 
is readily understandable in terms of a chain scission mechanism. 

The action of zine oxide appears to be two-fold in the vulcanization. It 
eliminates the softening caused by the benzothiazy! disulfide, and also causes a 
further increase in the tensile strength and hardness of the polymer. With no 
zine oxide in the formulation, the tensile strength and durometer hardness are 
low, whether or not benzothiazy! disulfide or diphenylguanidine is present. In 
stocks, with or without zine oxide, the tensile strength is higher for lower 
plasticities. This effect is ascribed to the better dispersion of carbon black in 
the softer elastomers. When no softeners are used, mill mixing is very difficult 
Although zine oxide is needed to produce a full cure, heating the polymer with 
carbon black alone produces a significant increase of durometer hardness 
Heating the polymer alone does not produce any appreciable change of proper- 
ties. Unreinforced polysulfide rubbers have very poor physical properties. 

After the necessity of zine oxide in the curing formulation was established, 
a series of compounds was run to establish the minimum amount of zine oxide 
required (Table II). Full durometer hardness was reached with one part of 
zine oxide, 

An attempt was made to see how other zinc salts and other metallic oxides 
compared with zine oxide in producing satisfactory vulcanizates (Table ITI) 


Tasie II 


Kerecr or Zinc OxipE ON PuysicaL PROPERTIES 
or THiokot Type FA VULCANIZATES 

Cure Tensile Modulus Ultimate Hard 

time strength 300% elonga ness 
Zine (min. at (lb./ (lb./ tion (Shore 
oxide 298° F) aq. in.) sq. in.) (%) A) 
50 30 1210 900 540 66 

60 1000 840 460 60 


10 30 1160 800 530 69 
60 1480 1340 360 72 


30 1170 830 540 68 
60 1450 1280 390 72 


30 1140 810 530 68 
60 1450 1010 380 70 


30 1220 900 540 68 
60 1460 1300 380 70 


30 1160 810 570 68 
60 1380 1190 410 70 


30 1210 900 540 66 
60 1010 730 460 60 


30 120 100 710 36 
60 200 96 510 36 


Formulation. 100 parts polymer, 60 parts SRF black, 0.5 part stearic acid, 0.3 part benzothiazy!i di 
sulfide, 0.1 part diphenylguanidine, variable zine oxide 
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Tape III 


Errect or Oxrpes ANp Zinc Sats ON PuysicaL PROPERTIES 
or Turoxot Type FA VULCANIZATES 


Tensile Modulus Ultimate Hard- 
strength 300% elonga- ness 
(lb./ (Ib./ tion (Shore 
Metallic salt Parts 8q. in.) sq. in.) (%) A) 
Zine oxide 2.0 1460 1300 380 70 
Zine hydroxide 2.4 1000 700 500 70 
Zine borate 9.4 1200 1180 310 71 
Zinc stearate 15.5 875 830 350 73 
Lead oxide 5.5 1000 680 510 68 
Lead peroxide 5.9 1225 1000 420 68 
Cadmium oxide 3.1 1150 850 120 65 


Formulation. 100 parts polymer, 60 parts SRF black, 0.5 part steric acid, 0.3 part benzothiazyl di- 
sufide, 0.1 part diphenylguanidine. 
Vuleanization time, 60 min. at 298° F 


As zine hydroxide, borate, and stearate produce reasonable tensile strengths 
and full durometer hardness, the conclusion is that the zinc ion itself is sufficient 
for cure. In these formulations, the amounts of salts were such as to contain 
equivalent amounts of zinc atoms in the formulation. 

Lead as oxide and dioxide, as well as cadmium oxide, yielded satisfactory 
cures. Again, the amounts of other oxides selected were such as to contain 
equivalent amounts of the respective metals. 

To determine if excess zinc oxide was needed over that necessary to combine 
with the benzothiazy] disulfide, a series, shown in Table IV, was run, using the 
zine salt of benzothiazy! disulfide instead of the disulfide itself. Clark‘ has 
shown that, in natural rubber, benzothiazy! disulfide reacts with zine oxide to 
form the zine salt. The data show that equal moles of the zine salt replacing 
the benzothiazy] disulfide do not significantly improve the physical properties 
of the vulcanizates. Zine oxide, or an equivalent salt, is needed in excess of 
that required to react chemically with the disulfide softener used. 

Use of mercaptobenzothiazole, the thiol corresponding to benzothiazyl di- 
sulfide, gave results equivalent to the disulfide. 

As polysulfide polymerization is run with an excess of sodium polysulfide, it 
is entirely possible that the polymer terminals in the latex are —SSNa. These 
terminals would be converted to —SH when the alkaline excess sodium poly- 
sulfide is removed by washing. Polysulfide polymers known to have thiol 


TABLE IV 


kvrecr or Rep.tactnc BenzoruiazyL DisuLripe By Its Zinc Sat 
on PuysicaL Properties or Turokot Type FA VULCANIZATES 


Plas- Tensile Modulus Ultimate Hard- 
ticity strength 300% elonga- ness 

Zine Wil (Ib (lb, tion (Shore 
oxide MBTS OXAF* DPGé: liams) aq. in.) sq. in.) (%) A) 
10 0.3 0.1 123 1500 1450 310 70 
10 0.36 0.1 145 1350 1250 380 72 
10 0.3 146 1725 1550 370 70 
10 0.36 164 1550 1325 380 70 
0.3 0.1 124 500 500 350 55 
0.36 0.1 132 550 150 400 54 


Formulation. 100 parts polymer, 60 parts SRF black, 0.5 part stearic acid 
Vuleanization time, 60 min. at 208° F 


* Benzothiazy! disulfide 
* Zine salt of benzothiazy! disulfide, Naugatuck Chemical Co 
* Diphenylguanidine 
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TABLE V 
Errect or m-TOLYLENE DrisocyaANATE IN VULCANIZING 
TuroxoL Tyee FA 


Tensile Ultimate 
strength elonga- 
(Ib. tion 
MTDIe MBTS DPGe aq. in.) (%) 


5 0.3 0.1 425 370 
0.3 0.1 550 360 
250 90 
150 270 
Yormulation. 100 parts polymer, 60 parts SRF black, 0.50 part stearic acid 
Vulcanization time, 60 min. at 298° F. 


« m-Tolylene diisocyanate 
» Benzothiazy! disulfide 
¢ Diphenylguanidine. 


terminals have been prepared®. These polymers can be vulcanized by lead 
peroxide or organic curing agents. Since lead peroxide is a metallic oxide as 
well as an oxidizing agent, the fact that it vuleanizes Thiokol Type FA is not 
an indication of terminal thiol groups. p-Quinonedioxime (1.50 parts), plus 
0.50 part of zine oxide, as well as 2.0 parts of cumene hydroperoxide, plus 0.25 
part of diphenylguanidine will cure polymers with thiol terminals. They did 
not produce vulcanizates with Thiokol Type FA. 

If the chain terminals were hydroxyl groups, Thiokol Type FA should be 
vulecanizable by diisocyanates. Table V shows the results obtained in an at- 
tempt to cure with m-tolylene diisocyanate in the absence of zine oxide. The 
physical properties are poor, but the two stocks containing the diisocyanates 
have a durometer hardness almost equal to the normal zine oxide cure, while 
the two stocks without diisocyanate are about 15 points less in hardness, corre- 
sponding to heating Thiokol Type FA and carbon black without the addition 
of zine oxide. Even in polymers containing thiol terminals, which unquestion- 
ably react with diisocyanates, it has not been found possible to obtain vulean- 
izates with good physical properties. 

As a further experiment to check the isocyanate reaction with the assumed 
hydroxyl groups, five parts of phenyl isocyanate were milled into crude FA in 
both the presence and absence of benzothiazy! disulfide plus diphenylguanidine 
The samples were allowed to remain at room temperature for several months 
At that time, carbon black, stearic acid, and zine oxide were added and vul- 
canization was attempted. The durometer hardness values (Table VI) show 
that no significant cure is obtained. Phenyl isocyanate presumably reacted 
with the terminals of the polymer so as to prevent the curing action of the zine 
oxide. 


TasLe VI 
Errect oF PHENYL ISOCYANATE ON ZINC OXIDE 
VULCANIZATION OF THrokoL Type FA 


Tensile Ultimate Hard 
strength elonga- ness 

Phenyl (Ib tion (Shore 
isocyanate MBTS« DPG sq. in.) (%) A) 


5 0.3 0.1 425 540 52 
5 175 560 52 
: ormulation. 100 parts polymer, 60 pate SRF black, 0.5 part stearic acid, 10 parte zine oxide 
Vuleanization time, 60 min. at 208° 


* Benzothiazy! disulfide 
+ Diphenylguanidine 
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As a final check on the occurrence of hydroxy! terminals, a latex of standard 
Type FA was treated with sodium polysulfide to produce an extremely tough 
polymer which had a Williams plasticity of 299 in place of the normal 120 to 
135. This polymer was then treated with dithiodiglycol to effect disulfide 
redistribution’ and produce a polymer with hydroxyl terminals. The treated 
polymer had a Williams plasticity of 116. The results of compounding, curing, 
and testing of the three polymers are presented in Table VII. It is seen that 
the physical properties are equivalent for all three materials. 


Tasie VII 
Kerecr or INpRopUCTION oF HyproxyL TERMINALS ON THIokoL Type FA 


Plas Tensile Modulus Hard 
ticity strength 300% longa ness 
(Wil Ib (lb tion Shore 


‘ 
i 


Treatment lanes sq. in sq. in 


FA control 125 1200 950 170 l 

FA, toughened 209 1275 1150 380 3 

Hydroxy terminals L16 1150 875 430 58 
Formulation. 100 parte polymer, 60 parte SRF black, 10 parts zine oxide, 0.5 part stearic acid, 0.3 


part benzothiazy! disulfide, 0.1 part Cy onylguanidine 
Vuleanization time, 30 min. at 208° F 


All evidence, therefore, points to the presence of hydroxy! terminals in the 
Type FA polymer. Chlorine terminals would be expected to react with zinc 
oxide, but not with diisocyanates. The lack of success with organic oxidizing 
agents eliminates thiol terminals. There is no indication that olefin terminals 
possess the required reactivity to zinc oxide. Although the action of zine oxide 


in causing end-to-end coupling of the polymer chains is not understood, the 
fact that polymers in which hydroxy! terminals are deliberately introduced are 
vulcanized by zine oxide is strong evidence of hydroxy! terminals in Thiokol 


Type FA 
SUMMARY 


This investigation was carried out to discover the terminal group present in 
polysulfide rubbers of the kind represented by Thiokol Type FA and the 
chemical reactions involved in the standard vulcanization recipe. 

Hydroxyl groups were found to be present as terminals on these polysulfide 
rubbers. The effects on vulcanization of omitting the compounding ingredients 
normally used, of varying the amounts of zinc oxide, substituting other metallic 
atoms for zinc, and of using diisocyanates were studied, and the mechanism was 
deduced. 

Knowledge of the end groups present in the polymer chain is helpful 
planning supplementary experiments to try to discover the chemical reaction 
involved in the cure with zine oxide. It also makes it possible to look intelli- 
gently for improved vulcanizing agents for these polysulfide polymers. 
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Puysics Inetrrure, Tecuniacne Hocuscuuce, Karisrecue, Germany 


INTRODUCTION 


In many practical tests in general use today, measurements of materials in 
precisely defined physical terms have been abandoned in favor of simpler and 
more rapid tests. Of course, the results obtained are of an empirical nature, 
and they bear no relation to any physically definable constants of the materials. 
Since, however, a knowledge of these latter can not always be ignored, addi- 
tional measurements must sometimes be made, and when this is done, the 
advantages of simplicity and rapidity of testing are lost. 

It will now be shown, with the aid of the impact theory of Hertz, that it is 
possible to express the results of some of these tests in terms of well defined 
physical properties of the material in question. 


POSTULATION AND STATEMENT OF THE THEORY OF HERTZ 


In 1887, Hertz dealt in a theoretical way with the relation between deforma- 
tion and elastic properties in the static and dynamic contact of two bodies. 
The derivation of this relation is basically sound, and it is strictly valid if 
the assumption is made that Hooke’s law is at all times followed. 
The static relation between the distance x after contact and the acting force 
K is expressed thus: 
K = C:2°"? (1) 


where C is a function of the fundamental elastic values and also of the geo- 
metrical dimensions of the bodies making contact. For the simple case of two 
spheres in contact, C is represented by: 


16 ] | 4(1 — pw?) 


C= ” a with v0, = (2) 
3 d; + te VI/ry + 1/re 


E; 
where E;, u; and r; are, respectively, the modulus of elasticity, Poisson’s ratio, 
and radius of curvature of the bodies before contact 
For dynamic contact (impact) of two bodies, Hertz was also able to calcu- 
late the maximum penetration, Zmax, and the impact time, 7, as functions of the 
properties of the materials. He found: 
5m\:m ae 
Lmaz = (7m ) Ys (3) 
4C (m, + m2) 
25m,*+ m2" ) . 
16(m, + me)*-C?- 4 


* Translated for Reween Cuemierny & Tecunoioey from the Kolloid-Zeitachrift, Vol. 120, No. 2-3 
pages 123-127 (1952) 
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where m,; denotes the mass of the colliding spheres and V their relative velocity 
at the beginning of impact. 

Although the theory quoted is not fulfilled exactly for any real material, 
and although, in particular, impact is never reversible, these relations have 
proved to be valid in experimental testing’. 

Since the theory permits a calculation of the spatial distribution of the 
stresses within the material, Hertz saw the possibility of substituting a physical 
definition of hardness for the previously accepted phenomenological definitions, 
for it is now possible to state the specific pressure at which the elastic limit is 
first exceeded, and a brittle rupture or permanent deformation is obtained. 

In fact, the theory of Hertz, especially as amplified by Auerbach’, became 
the point of departure for the first modern method of determining hardness, 
whereby the deformation of a surface layer under pressure of a spherical body is 
measured, 

Of course, the relation to the theory of Hertz was later lost, since the nec- 
essity of technical simplification of the method and the difficulty of determining 
the elastic limit led investigators to abandon efforts to determine this value but 
to exceed it consistently and knowingly. Today the specific resistance to 
indentation, i.e., the load referred to 1 sq. em. of the residual indentation, is in 
some cases regarded as a measure of hardness (Brinell and Vickers hardness 
tests for metals and the ball-pressure test of rubberless insulators). Another 
measure is the so-called deformation value, i.e., simply the depth of indentation 
of a specially shaped body under a definite load (the Rockwell hardness test, as 
well as various rubber hardness tests, e.g., DIN-DVM and Shore hardness). 

All these tests are of the same empirical nature, and all show in common a 
practically complete lack of relation to the fundamental elastic properties of the 
substance tested. This statement, however, is not true in general of hardness 
or softness tests of high-elastic materials, especially technical rubber mixtures. 
The reversible deformation of such materials is so great that the specific loads 
used for the measurements are practically within the range of Hooke’s law and, 
consequently, lie within the range where the Hertz theory is valid. 


TECHNICAL SOFTNESS AND MODULUS OF ELASTICITY 


According to DIN-DVM 3503, 1938, the softness of a rubber test-specimen 
is defined as the depth of penetration of a sphere of 1 cm. diameter, measured in 
10~* em., into a flat test-specimen 0.6 cm. thick with a preliminary load of 50 
pounds and a working load of 1000 grams. 

If the softness, defined in these terms, is identified with the approach x and 
the working load with the working force K of Equation (1), the experimental 
procedure is at once recognized as conforming to the conditions of the Hertz 
theory. From Equations (1) and (2), there is derived for the static elastic 
modulus of a test-specimen: 


(5) 


u’)K | ** 
VR- x?” 


em.” 


where E E,« FE, and R=r,<re. For all the samples uv = 0.5 in close 
approximation. 

Equation (5) is illustrated in Figure | for K = 1 kg. and R 0.5 em. for the 
range: 0 <2 < 80 (10° em.). This range represents at the same time the 
approximate limits of application of the Hertz theory, inasmuch as the rela- 
tion: zs < R, must hold true for the theory to be strictly valid. 
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Fig. 1 Modulus of elasticity as a function of the indentation according to the Hertz theory (caleulated 


for a sphere of 10 mm. diameter and working load of 1 kg.). The abscissa indicates the penetration in 10 
mm.; the ordinate the static modulus of elasticity in kg. per sq. em 


If the working load is considered to be uniformly distributed over the con- 
tact surface and if penetrations of 10-60 (10~* cm.) are assumed for average 
types of technical rubber mixtures, mean specific loads of 5 kg. per sq. em. are 
obtained for the softest, and 30 kg. per sq. em. for the hardest types of vul- 
canizates. These loads are not only all small compared with the breaking 
loads, but they also correspond to elongations (5 to 15 per cent), which do not 
extend beyond the linear range. 

One might, then, expect that Equation (5) is a quite reliable representation 
of the moduli of static elasticity, which are normally determined experiment- 
ally by elongation experiments with comparable specific loads and with com- 
parable loading times. 

However, the penetration obtained according to the DVM specifications 
can not be used directly for the calculation. Obviously this value depends on 
the small thickness of the samples necessitated by practical considerations, 
while the Hertz theory involves penetration measurements with no preliminary 
load and relatively great thickness of the test-specimen. 

In connection with other problems of penetration-hardness testing, Kuntze‘ 
investigated how technical softness could be related to an “absolute’’ 
that is, the limits of the preliminary load and thickness of the test-specimen 
beyond which the depth of indentation becomes independent of these param- 
eters. In Figure 2 the results are shown graphically in such a way that the 


softness ; 


absolute values, i.e., the depths of penetration, with limiting values of the 


20 40 
Weichhelt OV 


Fig. 2.—~Relation between technical (DVM) softness and softness determined in accordance with the 
requirements of the theory Derived from measurements by Kuntze The absciasa indicates the DVM 
hardness; the ordinate the softness based on the requirements of the theory 
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parameters, are represented as a function of the technical DVM-softness. 
This curve thus permits the conversion of technical softness values to absolute 
values, which can then be utilized to determine directly the modulus of elastic- 
ity by means of Figure 1. 

These relations were tested with a number of technical rubber mixtures 
which had already served for other studies®. Table 1 records the softness 
values, measured in accordance with the DVM specification, as well as reduced 
values derived from Figure 2. The table includes also the moduli of elasticity 
from Figure 1, caleulated according to the theory and the experimentally 
determined values. 

Since the tension values in the test data for 100 per cent elongation are 
based, as is usual, on the original instead of the actual cross-section and, 
furthermore, are for altogether too high a stress on the specimens, the moduli 
of elasticity were measured anew. 

Test-specimens of the conventional dumbbell form were died out from vul- 
canized slabs about 5 mm. thick. A measured distance was marked by tiny 
drops of mercury. In order to obtain a perceptible after-effect and to have 


TABLE 1 


Modulus of elasticity 
Mixture DVM Reduced (kg. per sq. em.) Elongation 
No softness softness Calculated Measured (%) 


20 32 140 ‘ 8.1 
28 42 92 15.6 
16 28 166 10.5 
47 65 48 ‘ 13.6 
31 46 80 : 10.3 
17 29 160 9.0 
28 42 90 14.5 


experimental times comparable to those of the softness determinations, the 
elongations were determined with a constant loading time of one minute. The 
actual cross-section was calculated on the assumption that the volume of the 
specimen remained constant. 

The specific load on the samples is matched with the mean specific load in 
the measurements of softness, and the resulting elongations are recorded in the 
last column of Table 1. 

In view of the fact that dynamic and static modulus values may differ by 
more than one order of magnitude and that the modulus measured for one 
minute of loading represents only an intermediate value in this range, the 
agreement obtained is extraordinarily good and fulfills all expectations. 

It is also a noteworthy confirmation of the Hertz theory, which represents 
the behavior of materials through an extremely broad range of modulus of 
elasticity extending from <10 kg. per sq. cm. (soft rubber) to 10° kg. per sq. 
em. (steel). 


IMPACT TIME AND MODULUS OF ELASTICITY 


Because of the very brief duration of impact experiments, much higher 
dynamic moduli must be involved in such experiments. Measurements of the 
times of impact of steel balls on rubber sheets were undertaken for the first 
time by Blauth*, and were found to conform approximately to the Hertz the- 
ory. These measurements were carried out with the vulcanizates listed in 
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Fie, 3.—Relative impact time, r, as a function of velocity of impact. Curve based on the theory of 
Hertz. Experimental values © for a relatively hard vulcanizate (No. 3); @ for a very soft vulcanizate 
(No. 4), as reported by Blauth*. The abscissa indicates the velocity of impact in em. per sec. ; the ordinate 
the impact time r 


Table 1, which had already been tested several times. All the data can, there- 
fore, be regarded as affording a logical and consistent series of results. 

The impact times 7 are calculated as a function of the velocity of the ball. 
In Figure 3, the experimental values for the hardest (No. 3) and the softest vul- 
canizate (No. 4) are compared with the curve based on the Hertz theory. The 
agreement is very good for the hard vulcanizate, but the values for the soft 
material deviate, with increasing velocity of impact, from the theoretical curve. 
This is, as a matter of fact, to be expected, since the depth of penetration in- 
creases with the softness and with the velocity of impact. Above certain limits 
it can no longer be considered small with respect to the thickness of the material 
For the small thickness (5 mm.), the Hertz theory would be expected to be 
valid at best for low velocities of impact. 

In Table 2, therefore, data are recorded to show the impact times obtained 
with seven specimens with a velocity of impact of 30 cm. per second. The 
third column shows the effective (dynamic) modulus of elasticity, which, it will 
be understood, corresponds to the dynamic modulus for a periodic stress of 


, l 
frequency - 
ae 


It can be calculated from Equations (2) and (4) when, with a spherical 
mass, these relations are valid: M = m, K mz; Ea» M,K EE; RS Ky. 
The value of yu is not affected by the transition from the static to the dynamic 
case; according to a work of Pulfrich’ the temporary after-effect has no influ- 
ence on the value of Poisson’s constant. If then, the effective modulus of 
elasticity is determined, the maximum penetration can also be obtained by 
means of Equations (2) and (3). The fourth column shows the values. The 
values of maz, a8 would be expected from the curve of the r values, are at the 


TABLE 2 


Kay Rebound resilience (%) 
Mixture (kg. per sq Indentation —— 

No em. *10*) (min.) Measured Caleulated Corrected 

1 2.550 0,12 5.6 14 

2 0.977 0.18 9.3 17 

‘ 2.660 0.12 6.2 16 

0.227 0.32 3: 20.6 28 

0.551 0.23 2 14.5 22 

2.130 0.13 7.5 16 

0.306 0.29 29.4 36 
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limiting value of the condition: maz < thickness of the material, and the eal- 
culated values are, in fact, not quite reached in any case. The final columns in 
Table 2 show the rebound elasticity, the values of which are utilized in the 
following discussion. 


MODULUS OF ELASTICITY AND REBOUND DAMPING 


From the time or frequency dependence of the modulus of elasticity, it 
appears that the value of the effective modulus also changes during application 
of the stress. The result is a damping with periodic stressing, which is ex- 
pressed, as is known, by the relation: 


height of rebound _ _ aA 
height of fall Ao 


According to the concept of Maxwell and Kuhn, the decline of the modulus 
of dynamic elasticity with time can be represented in first approximation by: 


t t 


Eayn = Eyre ™ + Ey-e ™ = Ey + SE-e*'- (EB, = AE) (6) 


that is, by the sum of two partial moduli, which decline gradually with the re- 
; : ] n : 
laxation times: Ao * (static component) and A; = KG (Maxwell vis- 
7 
cosity component). 

Equation (6) shows a work balance for a periodic stress which is character- 
ized by a “stationary” damping*, 4A/A, which is dependent on the frequency, 
and which shows a maximum when the relaxation time is large compared with 
the vibration time. The maximum is: 


, 
l (Bayn ai Eytat ) maz 


2 E, tat 


This result is analogous to the thermal damping of elastic vibrations, for which 
a maximum is found’ at: 

1 Bua — Eizo 1 Bea — Eiso 

oe OS Bae 
For ‘non-stationary’? rebound damping", however, the result is somewhat 
different. 

For the sake of simplicity in the calculation, the assumption is made that 
transformation of energy in these deformations can be reduced to the trans- 
formation during unilateral stretching ; and, furthermore, that the cross-section 
qo is independent of the deformation Al/lo. 

The deformation Al/lo is, then, regarded as sinusoidal, as in the case of 
forced vibration, i.e., it is produced without damping, yet is characterized by 
internal joss, the time-dependent modulus of elasticity. The non-periodic 
component of the work of deformation in the first half-period of forced vibra- 
tions is identical with the energy loss of damped and decreasing vibration dur- 
ing the same period of time. 

The complete integrated work then becomes (T = vibration time) : 


= Al 
A= f qo(Eo + AE-e "te ‘sin wl-w- cos wt - dt 
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If one considers that the value of the partial modulus which depends on the 
viscosity depends only on the magnitude and not on the direction of the change 
of deformation, then one obtains for the non-periodic component: 


Ar 

. fAl\? AE 1lt+e * 
on ® ve(i): 40 k \? 
1 + (; ) 


If this energy loss is related to the maximum energy expended without loss in 
the vibration: 


lot Al : 
Ao = f qo(E + Ak)-! 7 fo 4 Vo. Bien (7) 
an expression is obtained which, for w >k, is converted into: 
AA AE 
Ao 5 Ew” - 


mar 


(10) 


If AZ is made, quite logically, equal to the difference of the moduli recorded in 
Tables 1 and 2, and if it is assumed that the relaxation times of the compounds 
studied are in every case large compared with the experimental times, the re- 
bound resilience values, calculated by Equation (10), should agree with the 
values obtained experimentally. 


50 


40 
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Fic. 4.—-Measured (upper curve) and calculated (lower curve) values of rebound resilience for seven differ 
ent vulcanizates. The abscissa indicates the number of the vulcanizate ; the ordinate the rebound resilience 


Figure 4, in which the measured and calculated values are plotted as a 
function of the consecutive numbers of the vuleanizates, shows to what extent 
this expectation is realized. The practically parallel course of the two sets of 
values proves that the physical relation found is correct. 

The reason why the agreement is not actually quantitative is undoubtedly 
that the initial internal stress of the material is not taken into consideration 
As was explained by Schreuer’ for the case of heat damping, if the initial stress 
is taken into consideration, it is found that the internal losses depend on the 
amplitude in such a way that the maximum value lies between the extreme 
CASES | Wimax k (very small amplitudes) and Qo... > k (very large amplitudes 
The tacitly implied assumption that the working stresses here are large in com 
parison with the internal stresses in the material is evidently not valid. 





RUBBER CHEMISTRY AND TECHNOLOGY 


If an initial stress is assumed, then in the limiting case of high frequency 
considered here, the damping value, AA/ Ag, is simply multiplied by a factor, 
u -, where 2y represents the quotient*: 

amplitude of working stress 
magnitude of initial stress 


In Table 2, in addition to the rebound heights calculated directly, those ob- 
tained when all the vulcanizates are considered to be subject to an initial stress 
of approximately 5 per cent of the working stress are also given. Under these 
conditions, the calculations show a satisfactory quantitative agreement with 
the experimental values. 

The surface stress of the material is considered to be the initial stress in 
every case, and its magnitude in relation to the working stresses should not be 
disregarded. Moreover, in some cases, initial stresses produced incidentally, 
e.g., calender grain, or purposely, must also be considered. 

In a later work it will be demonstrated that it is possible, by taking into 
account these initial stresses, to bring into complete and mathematical accord 
the amplitude and temperature relations of the rebound damping and the ex- 
perimental measurements. From this it follows that internal damping can be 
governed by an artificially produced initial stress and its maximum displaced in 
the frequency range. 


SUMMARY 


It is shown that the Hertz theory of impact is applicable to the determina- 
tion, from softness measurements, of the static modulus of elasticity and from 
impact tests, of the dynamic modulus of elasticity. A simple relation is then 
derived which connects the difference of these moduli and the internal damping 
in impact tests. This relation was checked with the rebound resilience values 
and proved to be valid for all measurements. 


ACKNOWLEDGMENT 


The investigation described in the foregoing paper was carried on in the 
Physical Institute of the Technische Hochschule in Karlsruhe, and the author 
extends his sincere thanks to the Director of the Institute, Professor Gerthsen, 
for his making available to the author the facilities of the Institute and for his 
continued interest in the work. 


REFERENCES 


' Hertz, H., ““Sehriften'’, Vol. 1, y 155; J. far Math. 92, 156 (1881) 
7) 


? Bee “Handbuch d Physik"', Vol. 6, pp. 271 and 557; Blauth, E., graduate work, Karlaruhe, 1951 

* Auerbach, Wied. Ann. 43, 61 (1891); 38. 359 (1891) 

* Kuntze, Wiss. Abhandl. deut. Materialprifungsanatali 2, No. 1, 64 (1941) 

*Schreuer, Kolloid-Z. 124, 176 (1951); 128, 159 (1952); Blauth, graduate work (Karlsruhe, 1951) 

* Blauth, graduate work (Karlsruhe, 1951). 

’ Pulfrich, Wied. Ann. 28, 87 (1886) 

* By “stationary” damping is probably meant damping which is characteristic of that with forced vibrations 

RANBSLATOR | 

* Schreuer, 7. Physik 131, 619 (1952) 

” By “non-stationary’ damping is probabiy meant damping which is characteristics of that with free 
vibrations (Trans ator | 





HEAT BUILD-UP AND DESTRUCTION OF 
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CLASSIFICATION OF DYNAMIC DESTRUCTION TESTS 


Attempts have been made many times to correlate the results of various 
tests on heat build-up and final destruction with no attention to whether the 
test data were obtained under the same experimental conditions. 

As has already been shown’, it is of decisive importance in the classification 
of vulcanizates on the basis of heat build-up, whether the dynamic test is made 
under conditions of constant deformation, constant stress, or constant energy. 
No destruction test can be cited which makes possible a correlation between 
heat build-up and destruction. Quite apart from this fundamental distinction, 
it is also necessary in any study of this relation to employ only those testing 
methods in which the internal strains caused by dynamic stress and the result- 
ant rise of temperature are the determinant causes of the destruction of the 
vulcanizate. 


INFLUENCE OF THE SHAPE OF THE TEST-SPECIMEN 


If test-specimens whose height or length is small with respect to the cross- 
sectional area or area subjected to dynamic stress, it can be assumed that the 
normal and shearing stresses which are set up by a periodic stress are distributed 
uniformly over the stressed cross-section (see Figure 1). Therefore, in every 
unit volume having the same dynamic viscosity and undergoing the same de- 
formation, the same quantity of energy is absorbed per periodic stress and 
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Fic. |. -Schematic representation of a test-specimen, a cross-sectional plane 
of which is subjected to uniform pressure 
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transformed into heat. Because of the small heat conductivity of rubber, 
there are essential differences of temperature between the upper surface and 
the center of the test-specimen. With a sufficiently large stress, destruction 
consequently begins in the center of the specimen. This destruction proceeds 
without atmospheric influence. Tests of this kind will be designated as fatigue 
tests. As Figure 2 shows, the pattern of destruction of different large test- 
specimens is the same if the ratio of height to the area actually subjected to 
stress is the same. 

If the height of the test-specimen is great in proportion to the cross-section, 
and the specimen is subjected to bending or breaking tests, the stress in a 
cross-section of the test-specimen is not distributed evenly, as may be seen 
from Figure 3a. In bending or breaking, the top fibrous elements are elongated 


Fie. 2.--Destruction in the center parts of test-specimens of different sizes by 
stressing in the St. Joe flexometer 


and the lower ones shortened, while the middle fibrous elements maintain their 
original position. The stress is greatest on the surfaces of the rubber specimen. 
An example of this is a test-specimen of the rotary flexing machine (Schkopauer 
machine). Figure 4 shows such a rubber test-specimen of the tire tread type, 
which was destroyed in 15 minutes by a high stress (bending angle 35°). 

The destruction pattern is the same throughout the cross-section, since 
evidently the greater stress and greater cooling by radiation on the upper 
surface maintained equilibrium. With smaller stresses and longer running 
times, destruction begins in the designed outer casing of the tread, probably 
as a result of simultaneous attack by atmospheric ozone. The upper photo- 
graph of Figure 5 shows a test-specimen at smaller stress (bending angle 40°), 
which ran for 35 minutes. The lower photograph of Figure 5 shows cracks 














Fie. 3.--Schematic representation of a test-specimen subjected to flexing. The left-hand diagram 
represents the direct effect of flexing; the right-hand diagram represents the effect of a groove in the test 
specimen in increasing the flex strain in the outer section of the specimen 
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Fia. 4.—Cross-sectional destruction of a test-specimen in a short time by rotary 


flexing in the Schkopauer machine 


appearing at a still smaller stress (bending angle 20°). 


This test-specimen ran 
for 36 hours. 


Thus, in this test the relation between the rise of temperature 
and the atmospheric attack as causes of destruction can be governed by the 
choice of test conditions. Cuts or grooves on the upper surface cause points 
of stress and can definitely control the points of the destruction (see Figure 3b). 

If the rubber test-specimens are still thinner and are tested in the form of 
bands, i.e., have a large surface area in relation to their volume, the hysteresis 
losses can no longer explain the rise of temperature. Destruction here probably 
takes place from mechanical stresses on the surface and from atmospheric 
attack, which will not be discussed in detail here. Figure 6 shows this type of 
destruction of a test-specimen of a natural-rubber tire tread in the De Mattia 
test*. The flex cracks proceeding from the groove are clearly seen. 


Fig. 5.—Characteristic destruction of samples brought about by different stresses in 
the rotary flexing machine 


The dynamic destruction tests can, accordingly, be 


divided into three 
groups, a8 Buist and Williams have already done’ 


(1) Fatigue tests, in which, as a result of dynamic stress, destruction starts 


in the interior of the specimen and is accompanied by a rise of temperature 
(fatigue tests). 


(2) Tests in which destruction begins on the surface of the test-specimen, 
and there is no significant rise of temperature in the test-specimen (flex-crack- 
ing tests). 

(3) Tests in which destruction likewise proceeds from the surface, but is 


promoted by an increase of temperature of the test-specimen (flexing-fatigue 
tests). 
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F1a. 6,--Samples showing flex cracking after streasing in the De Mattia machine 


RELATION OF DYNAMIC PROPERTIES TO HEAT BUILD-UP 


Che dynamic viscosity and dynamic modulus of elasticity are determinant 
factors in the heat development according to the nature of the stress, as has 
already been shown theoretically and experimentally’. The heat build-up 
observed in a vulcanizate is proportional to the hysteresis or the absolute 
damping. By hysteresis H is to be understood the work which is absorbed by 
the test-specimen during a vibration process and which is transformed into heat. 
The specific hysteresis per unit volume (//,) is: 


in the case of stress with constant vibration amplitude: 
X mex . 
H, =f w( , 
7 h 
in the case of constant periodic stress: 

wa (P\3 
H. = = 2S.( :) 
E F 


in the case of constant energy: 


ne (X)\ (P 
H, = *4 (+ )-(¥) (2a) 


In the equations, w is the cycle frequency, h is the height of the test-specimen, 
F is the surface area of the test-specimen, Xiex is the amplitude of deformation, 
P is the amplitude of the periodic stress, EZ is the dynamic modulus of elasticity, 
and 7 is the dynamic viscosity. 

If the test-specimens are subjected to a constant deformation and constant 
frequency during testing, the hysteresis losses are proportional to the dynamic 
viscosity’ 


H 7) 


3) 
“eee (3 


In a test with constant periodic stress far below the resonance frequency, 
the dynamic modulus of elasticity must also be taken into account: 
H mE,’ 
H mE," 


=! (4) 


Ces 
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In the case of stress with constant energy: 


H,, - mE,’ 
H., mE? 


The rise of temperature in a test-specimen under static stress is represented 
by the equilibrium of heat development and heat loss, so that, analogously, for 
the three types of stress: 


constant deformation: AT'y proportional to n/A (6) 
constant energy: AT zg proportional to n+ Ximax/A (7) 
constant stress: AT p proportional to n» X*nax/d (8) 


Accordingly in all cases the dynamic viscosity 7 and heat loss \ (heat radi- 
ation will not be considered here) are determinant factors in the heat build-up 
According to the testing conditions, the deformation and thereby the 
modulus of elasticity are of increasing influence. 

In this work, we shall restrict ourselves, for technical reasons, to the two 
cases of stress: constant deformation and constant periodic stress. 

SURVEY OF THE LITERATURE 

These distinctions have not always been taken into consideration, so that 
no clear picture can be gained from the literature on the subject. Naunton 
and coworkers® were apparently the first to study the relation of the rise of 
temperature in vulcanizates by dynamic stressing, and the life of the material. 
They found that the flex life L in the du Pont flexing machine is related to 
certain aging properties (measured by the decrease of tensile strength 7’) — 7’ 
in the Geer oven or the Bierer-Davis bomb) and the damping f by the empirical 
equation: 

L = ‘ —a-f (9) 
T) —T 
where K and a are constants. The relation with the reinforcing properties of 
fillers was then studied, and it was found that the life with constant stress is 
described by the equation: 


L=a+b(T — 75) c-F (10) 


where a, b, and ¢ are constants, F is the heat developed, and (75 — T) is a 
reinforcement factor. The different effects of various inhibitors against 
oxidative aging and flex-cracking led these authors to the conclusion that oxida- 
tion is not the only cause of appearance of flex-cracks. Naunton therefore con- 
cluded that, besides the oxidation which is accelerated by a rise of temperature, 
changes in the crystalline structure are responsible for destruction of the vul- 
canizate. Rather dynamic viscosity or damping is to be held accountable fo 
these irreversible structural changes. Most of the numerous aging inhibitors 
studied increase the dynamic viscosity. If vulcanizates of the tire-tread type 
are subjected to more prolonged dynamic stress, the dynamic viscosity and 
dynamic modulus of elasticity become smaller, and the test-specimen con- 
sequently becomes softer and generates less heat under stress 

Gough and Parkinson’ studied thoroughly the changes which take place 
inside a block of rubber which is subjected to repeated periodic stresses. The 
frequency of the periodic stress was between 0.3 and 3 cycles per second, and no 





158 RUBBER CHEMISTRY AND TECHNOLOGY 


essential difference between the dynamic and static moduli of elasticity was 
found. The tests were made chiefly under conditions of constant energy. In 
a natural-rubber mixture containing 50 per cent of zinc oxide, it was found that 
the heat generated and the running time L in minutes are related by the 
equation : 


log L = A -- BT (11) 


where A and B are constants and T is the mean temperature in the center of the 
specimen during dynamic stress. By introduction of the experimentally de- 
rived constants, these authors obtained in this particular case the equation: 


Le = 1740 K 109-1/@ = 1740 XK 1.89%-7/10 (12) 


A change of the experimental conditions such as to cause a temperature rise of 
10° C would cut the flex life of the test-specimen by about one-half, which cor- 
responds to a temperature coefficient similar to that of vulcanization. It fol- 
lows from the experimental results that, for vulcanizates of different types, no 
relation exists between the average internal temperature when equilibrium is 
established and the time to destruction, even when the conditions of dynamic 
testing are the same for the temperature measurements and for destruction, as 
Table | shows for the effect of different testing conditions on the classification 
of vuleanizates of various types. 

The results show clearly that the classification of these mixtures depends on 
the experimental conditions, and on the temperature or time to reach destruction 
regardless of the testing conditions. 

Gough and Parkinson emphasize that destruction of a vulcanized rubber 
sample is not only influenced by heat development, but that mechanical forces 
also attack the structure directly ; hence destruction can not be explained by the 


TABLE 1 


INFLUENCE OF DirrereNtT TestiInG ConpITIONS ON Heat BurLp-—UP AND 
Time 10 Desrruction or Vartous Mixtures (arrer GouGH 
AND PARKINSON’) 


Natural rubber 100 100 100 100 
Sulfur 3 . 3 3 
Mercaptobenzothiazole l 
Stearic acid ; 3 
l 
5 


l 
3 
! 


Aging inhibitor 

Zine oxide f 5! 
Lampblack 

Channel black 


160 


Modulus (kg. per sq. em.) 19.3 36. 


Tests at constant energy (0.5 Joule per cc.) 
Temperature (° C)* 98 - 192 121 
Time (min.)** 275 . 100 3620 


Tests with periodic stress (3.5 kg. per sq. cm.) 
Temperature (° C) 98 106 119 108 
Time (min.) 375 54! 120 over 4000 


Tests with constant deformation (40%) 
Temperature (° C) 56 70 162 141 
Time (min.) over 4120 over 4000 270 995 


Mean constant t« mperature in the center of the test-specimen 
*Time to destruction (cylindrical test-specimen, diam. 2 inches, height 3 inches) 
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effect of heat alone. Test-specimens were first heated at 100° in an oven be- 
fore being subjected to dynamic stress. The time in the oven was the same as 
the specimens run in the untreated state. After the heat treatment, the speci- 
mens had only 10 per cent shorter life than did the untreated specimens. Test- 
specimens which were subjected to preliminary heating seven times as long 
still ran only about a 40 per cent shorter length of time than did the correspond- 
ing untreated vulcanizates. The dynamic modulus of a zine oxide mixture was 
greater after dynamic stress, while the modulus of a tire-tread mixture contain- 
ing channel black was smaller. 

Gébel® also showed that the modulus of elasticity of rubber casing springs 
decreases after a long dynamic testing, without significant rise of temperature 

Roberts® found, in tests with a Goodrich flexometer", that the temperature 
rise of mixtures containing channel carbon black is the greater the greater is the 
activity of the carbon black; at the same time, the greater the activity of the 
carbon black, the shorter is the flex life of the vulcanizate (at constant deforma- 
tion). 

Springer summarized work appearing before 1948 in several publications", 
with particular attention to the work of Naunton and Waring*®. He assumed 
that, in dynamically stressed vulcanizates, various reactions proceed concur- 
rently which lead to structural changes and finally to destruction. Springe: 
tried to obtain a correlation between the absolute temperature 7’ at equilibrium 
and the life Z of the vulcanizate by Arrhenius’ equation for the reaction velocity : 


log Z =a+b/T (12a) 


where a and b are constants. The temperature coefficient for the flex life de- 
rived from this equation lies between 1.4 and 1.8. Springer regards chemical 
transformations, accelerated by the rise of temperature, as the principal cause 
of destruction in the fatigue process. However, he leaves unanswered the 
possibility of a direct attack of vibrations on the structure of the vulcanizate 

Recently Roelig and Fromandi™ dealt with the relation between energy 
absorption and the resistance of rubber parts subjected to periodic shearing 
stress. The testing machine developed for this purpose made it possible to 
record Wohler-curves for constant adjustable periodic forces, which are imposed 
on a static tension or compression stress. The rubber test-specimens were sub- 


jected to different specific sinusoidal stresses at 650 rev. per min. The periodic 
stress in kg. per sq. cm. which lies in the asymptotic part of the Wohler curve 
was chosen as a measure of the resistance. The rubber test-specimens were 


subjected to shearing by a constant periodic stress. The possible specific 
energy absorption in kg. per sq. cm. and its relation to the resistance to this 
periodic stress was derived by Roelig and Fromandi for a spring without loss 
from the dynamic stress-strain diagram. ‘The energy absorption A (P 
Xinax/2), referred to a unit volume, and expressed by the shearing modulus, 


P\e i 


ae 
G = >= Is the shearing modulus (14) 
X max F 
In these equations, A is the energy absorption in em.-kg., Xmox is the vibration 
amplitude in em., V is the volume of the test-specimen in ec., F is the area of 
the test-specimen under stress in sq. em., A is the height of the test-specimen in 


gives: 


where 
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Fic. 7.—-The relation between flex resistance and hysteresis of natural-rubber and Buna-8 vulcanizates 
The test-specimens were cylindrical (diameter 25 mm., height 25 mm.), and were stressed at 11 cycles per 
second for 30-100 hours, i.e., more than 1,000,000 cycles. The vulcanizates were: (I) Buna-8 shock ab- 
sorber, (IT) Buna-8 solid tire, (II1) natural-rubber solid tire, ([V) natural-rubber carcass, and (V) natural- 
rubber shock absorber. The abscissa shows the relative hysteresis with constant periodic stress, the 
ordinate the resistance to periodic stress 


em., P is the amplitude of the periodic stress in kg., and G is the shearing modu- 
lus in kg. per sq. em. 

For two Buna-S mixtures and three natural-rubber mixtures, these relations 
as well as the influence of the form factor were illustrated in curves. 

Roelig and Fromandi had as their aim the derivation of basic principles for 
the construction of rubber bumpers, not a study of the relation between heat- 
build up and ultimate destruction. 

Figure 7 shows the results of experiments on the resistance to periodic 
stressing as a function of hysteresis. The hysteresis values H were derived 
from the percentage damping D with constant periodic stress by the following 
method. By percentage damping is meant the relation of the hystersis H 
(Equations | and 2) to the elastic energy A (Equation 13): 


(15) 
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Fie. 8.—Cylindrical test-specimen subjected to a static load in the St. Joe flexometer (left-hand 
diagram) and the rotary deformation of a test-specimen in the St. Joe flexometer (right-hand diagram) 
In these diagrams, the barrel-shaped form assumed by the test-specimen by pressure is not indicated 
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From the percentage damping D, measured by Roelig and Fromandi, we obtain 


the hysteresis H: 
| (= > D (16 
2\F G ” 


With constant periodic stress (P/F) is constant, and the relative hysteresis 


H; rel. is proportional to > (17) 
7 

Although the heat-loss relations were not taken into account, good correla- 
tion between hysteresis and the resistance to periodic stressing was obtained 
when tests were made up to periods of 100 hours. Although this relation is not 
strict, but Roelig and Fromandi assume it to be so when they state that it can 
be assumed that the transformed energy is proportional to the work of fatigue 
expended to the point of rupture, and that the work of fatigue is proportional 
to the damping losses. Damping and shearing moduli are the factors which are 
necessary to an understanding of resistance to periodic stressing. 

Juve studied the relation between hysteresis and resistance to cut growth 
under dynamic stressing (flex-hysteresis balance). In this work, Juve studied 
the relation between the rise of temperature in a Goodrich flexometer” above 
100° C during a period of flexing of 25 minutes and crack growth continued 
to the point of destruction in the De Mattia machine*. The relation can be 
represented by the following equation: 


log Lm = 0.012 AT + 4.28 (18) 


The equation was derived from two hundred and sixty-eight vulcanizates con- 
taining about 50 per cent of EPC or MPC carbon black. The variations in the 
formulations included the percentages of sulfur and accelerator, type of accel- 
erator, degree of vulcanization, masticated and unmasticated GR-S, GR-S 
aged at different temperatures, aged vulcanizates, and different types of GR-S. 
The longer flex-life associated with relatively high build-up is explained by the 
differences in the rate of vulcanization and of plasticity. A relatively low 
state of cure or high plasticity of the crude rubber leads to relatively great 
dynamic resistance (hysteresis) and relatively low modulus of elasticity of the 
vulcanizates. With the stress in a Goodrich flexometer exerted at constant 
deformation, undercured mixtures show greater rises of temperature. In the 
De Mattia machine, the stress which is set up in the outer fibers during flexing 
is the chief agent responsible for ultimate destruction; hence, undercured 
samples characterized by low modulus of elasticity are superior to overcured 
samples of the same composition. By changing the elastic properties by means 
of a change of the loading with EPC black, the temperature rise AT’ in the 
Goodrich flexometer parallels the flex life L,, in the De Mattia machine in the 
sense that greater heat development is reflected in shorter flex life. By varying 
sulfur and accelerators, Juve found, from seven hundred and seventy-four tests, 
the following relation between the temperature rise 7’, flex life L,,, and stress 
M at 300 per cent elongation by statistical calculation 
AT M 
_ oO ‘ { 
log bm = 5.42 + 365 — 2000 (19) 


This finding of Juve was reexamined by Storey", who tried to explain the re- 
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sults by tests at constant stress in the Goodrich flexometer, work which, in our 
opinion, was not necessary. 

Waring” proved that the external stresses attack directly the structure of 
tread mixtures of various types of rubbers. Waring studied the change of 
dynamic modulus of elasticity and electric conductivity with temperature and 
the energy of vibration. He found that the modulus decreases with rise of 
temperature and increase of amplitude. The conductivity likewise decreases 
with increase of amplitude, but increases with rise of temperature. The in- 
fluence of the amplitude of vibration on the dynamic modulus of elasticity can, 
therefore, not be attributed to a rise of temperature in the test-specimen, since, 
in that case, the conductivity also would increase. Consequently it must be 
assumed that a shattering of the carbon-black chains, due to the energy of 
vibration, takes place, as a result of which the modulus of elasticity and con- 
ductivity are reduced. The influence of the amplitude on the dynamic modulus 
of elasticity is to be added to the influence of the temperature, and is independ- 
ent of this in first approximation, so that the dependence of the modulus of 
elasticity EZ on the absolute temperature 7 and on the amplitude of vibration 
Xmax can be represented by the exponential equation: 


E = Ey-¢9(KT+0X max?) (20) 


7 


In the equation, EZ» and b are constants, Q is the energy of activation, and K is 
the Boltzmann constant. 

In our previous work'®, we dealt with the relation between rise of tempera- 
ture and flex life, and studied various tire-tread mixtures and vibratory metal 
mixtures. The rise of temperature and the flex life were measured as in the 
present work. We found in general the same classification of mixtures, when 


the latter were arranged according to the smallest increases of temperature or 
the longest flex life. 

A summary of investigations reported in the literature gives the following 
picture: 


(1) Some of the authors compare heat build-up and flex life to the point of 
destruction under the same experimental conditions. 

(2) In many cases a correlation between rise of temperature and flex life 
under dynamic stress has been demonstrated in the sense that a shorter flex life 
corresponds to a greater heat build-up. In classifying vulcanizates according 
to these two properties, different orders are obtained, depending on conditions. 

(3) It has been shown repeatedly that direct attack by external mechanical 
forces on the structure can take place, and that destruction by fatigue is not a 
result of heat build-up alone. 


EXPERIMENTAL TESTING PROCEDURE 


In our investigation, we have restricted ourselves to explaining the correla- 
tion between the flex life of a test-specimen during fatigue testing and its heat 
build-up, and have carefully maintained certain definite test conditions. In 
addition to this question, the effect of some fillers which are of importance in 
the tire industry was also studied. The tests were restricted to natural-rubber 
mixtures containing various fillers and several synthetic-rubber mixtures con- 
taining 50 per cent HAF carbon black. We did not investigate the possibility 
of obtaining greater resistance to heat-build-up in fatigue tests by means of 
special combinations of accelerators or the addition of aging inhibitors. We 
intend to deal with that question in the near future. 
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TABLE 2 


ReciPes AND PuysicaL Properties oF THE NatuRAL~RuBpBER MIxTURES 


Smoked Sheet (Defo hardness 


1100) 


Kosmos 20 50 
Kosmobile 8-66 va 
Philblack-O 

Aerosil 

Zine oxide 


100 


Stearic acid 
Benzoic acid 


Mercaptobenzothiazole 
Vulkacit-CZ 
Vulkacit-H 


Sulfur 


Defo hardness/Defo elasticity of 
the raw mixture 

Time of vulcanization (min. 
2.5 atm.) 

Specific gravity 


Tensile strength (kg. per sq. em.) 17 

Elongation (%) 48: 

Modulus at 300% (kg. per sq. cm.) 

Modulus at 500% (kg. per sq. cm.) 

Compression modulus (kg. per sq. 
cm.) 

Shore hardness’ 

Softness (DVM 0.01 mm.) 

Rebound (20° C %)¢4 

Rebound (70° C %)¢4 


56 
52 
62 
74 
Dynamic modulus of elasticity 
(kg. per sq. cm.)* 
Dynamic viscosity (Kilopoises)* 
Heat conductivity (Keal per m.h. 


110 


9.5 


Hysteresis at constant deforma- 
tion (erg per cu. mm. vibra- 
tion)* 

Hysteresis at constant periodic 
stress (erg per cu. mm. vibra- 
tion)? 6 

Hysteresis at constant deforma- 
tion heat conductivity* 53.2 

Hysteresis at constant periodic 
stress/heat conductivity” 


11.7 


27.3 


900/15 1550/19 


0.220 


100 100 100 100 100 


50 


1050/24 825/16 


50 
1.10 


35 
1.86 


216 

585 
18 

1 


193 


64 


43 
17 
58 


149 


20 20.5 


0.256 


0.208 


24.5 


20 


25 


* Cylindrical test-epecimens of 20 mm. diameter and height at 10 kg. per s« lead measured 


compression apparatus of H. Roelig 
* DIN 53505 (Oct. 1951) 
«DIN DVM 4503 (Jun 
4 DIN 53512 (Dee. 1940) 
¢ Cylindrical test-specimens of 20 mm. diameter and height measured at room temperature in our 
tion apparatus (see Kautschuk u Gummi 5, WT 3 (1952)). Initial static stress 4 kg. per sq 
amplitude of vibration 0.5 mm. = 2.5%, frequency 100 cycles per sec 
/ Determined with rubber sheets 6 mm. thick according to the comparative method 
Ashest 5, 44 (1952)) 
* As in ¢, periodic stress 2 kg. per sq. em 
+ Coefficient of the expected rise of temperature 


1938) 


vibra 


em, 


sce Gummi u 


based on the mechanical stress 
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MIXTURES AND THEIR PROPERTIES 


The recipes of the mixtures used in most of the experiments and their 
physical properties are given in Tables 2 and 4. 

The dynamic elasticity modulus and the dynamic resistance were measured 
by means of forced vibrations in resonance’®, and the heat conductivity with a 
comparative method"’. 

The ratios: 
Hysteresis 


BT econ a 
prov’ Heat conductivity 


are given in Tables 2 and 4 for the basic conditions of testing. 


APPARATUB AND STRESSING OF THE TEST-SPECIMENS 


The measurements of temperature rises and flex life were made with the 
St. Joe flexometer, developed by Havenhill and MacBride"*. 

It is not easy to represent the stressing of a specimen, but Figure 9 is a more 
easily understood figurative representation of the stresses. 

Because of the unreliable results obtained in long-term tests, the study in 
the present work of the relation between rise of temperature and destruction by 
fatigue was confined to periods up to 200 minutes. In addition, the test condi- 
tions were more rigorous than normally found in practice. We intend to com- 
plete these studies with long-term experiments with an apparatus not yet 
developed. 

The following results are quite reproducible; in fact, the intersection of the 
temperature or flex-life curves was definitely established by repeated tests. 
The deviations were small, insofar as they depend on the experimental method. 
However, large deviations in the results were observed on repeated mixing, 




















Fic. 9.—-Figurative representation of the shearing stress with rotary shearing motion 
applied to a test-specimen in the St. Joe flexometer 
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particularly with vulcanizates containing zinc oxide. Small variations of the 
plasticity of unvuleanized mixtures, which were not detected by static tests, 
cause decided differences in the results of these sensitive dynamic tests. 

The temperature measurements were made with a needle pyrometer and a 
precision millivoltmeter; the needle was stuck in the center of the cylindrical 
test-specimen immediately after it was taken out. For every temperature 
measurement, a test-specimen in perfect condition was used, even for the heat- 
ing curves. Never during the entire experiment was a punctured test-specimen 
used for further measurements. The cold junction was kept in ice-water. 
The temperature was measured at equilibrium, which was reached after 15 to 
50 minutes, according to the rise of temperature. Only in the measurement of 
temperature involving destruction of the specimen under conditions where the 
flex-life was short was this procedure not followed. 


THE PROCESS OF DESTRUCTION 


The process of destruction of a test-specimen by dynamic stress in the 
flexometer depends on the type of rubber and filler. The nature and progress 
of destruction of representative natural-rubber mixtures is shown in Figures 
10 to 15a. In these, the central cross-section of the test-specimen is shown. 
The cylindrical form of the specimens was changed by cold flow during the 
test!’. 

Figure 10 shows the progress of destruction of an unloaded natural-rubber 
vuleanizate. After lightening of the center of the specimen, a small crack 
appears in the direction of the applied force, which rapidly exten ls and leads to 
complete destruction of the test-specimen. The time between the beginning 
of this destruction and complete destruction is very short in this unloaded 
natural-rubber vulcanizate, i.e., only a few seconds in runs of 30 minutes. 

Figure 11 shows the same base mixture with 150 per cent by weight of zinc 
oxide. The porous center of the specimen is seen, which later cracks, and the 
cracked surfaces rub against each other until the specimen actually breaks. 
The time between the beginning of destruction and rupture of the specimen 
varies considerably, and depends on the zine oxide content and the mixing 
procedure. It may vary from a few seconds to several minutes. 

A vuleanizate containing Kosmos-20 carbon black shows a destruction 
pattern similar to that of the vulcanizate containing zine oxide (Figure 12) 
The cracks are dry and become sticky only after subsequent friction. Com- 
plete destruction is evident by the test-specimen actually fracturing. The time 
from the beginning to the end of the destruction process varies from one speci- 
men to another (between | and 10 minutes). 

Figures 13 to 15a represent the destruction process of natural-rubber vul- 
canizates containing active fillers. The mixtures containing Philblack-O 
(Figure 13) and Kosmobile-866 (Figure 14) became porous at first in the core 
of the test-specimen, then hollow, and finally broke open. The mixture con- 
taining Aerosil (Figure 15) showed the same characteristics. The time to com- 
plete destruction varied in length from sample to sample. Final destruction 
of these hollow test-specimens took place in more or less accidental fashion. In 
many cases they tore or broke only after several hours. In general, destruction 
process of vulcanizates containing inactive or semiactive fillers is not much 
different from that of the corresponding unloaded natural-rubber vulcanizate. 
Vulcanizates containing active fillers always show a porous core at the beginning 
of destruction. 
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Figs. 10-15.—Test-specimens of model vulcanizates flexed to the point of failure in a St. Joe flexometer 
Destruction in the center of the specimens is shown by these cross-sectional views. The vulcanizates 
include an unloaded mixture and six mixtures containing (in parts by weight) various fillers 


Fig. 10.—Natural rubber (base mixture) 
Fie. 11 Natural rubber + zine oxide 150 
Fic. 12.-—Natural rubber + Kosmos-20 50 

: 


Fic. 13.—Natural rubber + Philblack-O 50 


Fie. 14 Natiral rubber + Kosmobile-866 50 
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Fig. 15.—Natural rubber + Aerosil 30 


Fie. 15a.—Buna-83 + Philblack-O 50 


In contrast to this is the destruction pattern of synthetic-rubber vulcani- 
zates. The destruction process of a Buna-S3 vulcanizate containing 50 pe 
cent of Philblack-O is shown in Figure 15a. Its initial rupture with smooth, 
sharp cracks, with subsequent fracture into conchoidal fragments was observed 
in all the synthetic-rubber vulcanizates studied. The entire destruction proc- 
ess takes place within a few seconds. 

It is evident from the different forms of destruction illustrated that tests 
carried to complete destruction often give a false classification of the specimens 
being compared. It is, therefore, more accurate to determine the time to the 
point of beginning of destruction, even if this is not very definite. Practical 
tests of the flex life of test-specimens indicate that the measured deviations of 
the flex life are very small, at least with short times of flexing, and a reliable 
indication of very small differences in the composition of mixtures or in the vul- 
canization process is therefore possible, even when such differences are not 
revealed by the usual statistical tests. In the following investigation, the 
moment at which, depending on the type of filler, the test-specimen becomes 
porous or cracked, is defined as the beginning of destruction. This time can 
almost always be found by observing the alternating load or amplitude of de- 
formation during the experiment. When, henceforth, the term destruction is 
used, the beginning of destruction as defined above is in all cases to be under 
stood. 


EXPERIMENTAL RESULTS FOR NATURAL RUBBER VULCANIZATES 
TEMPERATURE AT EQUILIBRIUM 


In the experimental results just cited (see Figure 16), the temperature was 
measured only after equilibrium was established between heat build-up and 
heat loss. The heat build-up at constant deformation" is directly proportional 
to the dynamic resistance. Hysteresis depends on the temperature, and, in 
general, it decreases with rising temperature in accordance with the type of 
rubber and type of mixture, as was established by Oberto and Palandri”’. 
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Fie. 16 Heat build-up as a function of the dynamic deformation. The abscissa shows dynamic 
deformation. The abscissa shows the dynamic deformation; the ordinate the temperature rise. The 
temperature was measured in the center of the specimen after equilibrium was reached. The test-specimens 
were cylindrical, of diameter 38 mm.; the static initial load 156kg. The dotted curve is the base (unloaded) 
mixture 


Because of the dependence of the hysteresis on the temperature, which in turn 
depends on the particular mixture, the temperature curves of different mixtures 
may intersect, as, for example, is the case of vulcanizates containing zine oxide 
and Kosmos-20, respectively. Special care was devoted to the determination 
of the highest temperature attained, for in this range the deviations are greatest 
as a result of the beginning of destruction of the vulcanizate. In Figure 17, the 
flex-life values of mixtures subjected to different deformations are shown. The 
classification of these mixtures according to the Wéhler curves corresponds in 
general to their classification according to the rise of temperature if the test 
conditions, plotted on the abscissa, are so chosen that they make such a general 
distinction possible. Philblack-O and Aerosil are exceptions to this, since 
Aerosil shows a smaller rise of temperature, but a shorter running time than 
Philblack-O, at deformations between 5.5 and 6 mm. 

Figure 18 shows the temperature rises at constant loads. A comparison 
with Figure 16 gives a quite different classification of the mixtures, since here 
the heat build-up depends not only on the dynamic resistance, but also on the 
modulus of dynamic elasticity E. The base mixture containing no filler could 
not be tested in the measurements at constant alternating load, since it could 
not be confined within the rotary disks under the high loads used because of its 





HEAT BUILD-UP UNDER DYNAMIC STRESS 





—-_ = 
N 


—— Aerosil 


—--—- Philblock O 
_Kosmobile S66 


-_ = 
o + ff OG 





. 


— 
n 








- 
o 





Dynamische Deformation [mm] 



























































3 4858 
Laufzeit bis Zer storungsbeginn [min] 


Fig. 17.—Relation between flex life and the beginning of destruction and the dynamic deformation 
The abscissa shows the elapsed time to the beginning of destruction; the ordinate the dynamic deformation 
The test-specimens were cylindrical, of diameter 38 mm.; the static initial load 156 kg. The dotted curve 
is the base (unloaded) mixture. 
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Fie. 18.—-Rise of temperature as a function of the periodic shearing stress. The absewsa shows the 
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Fic. 19.—-Dynamic stress-strain diagram. The abscissa shows the dynamic deformation; the ordinate 
the periodic stress (horizontal shear). The test-specimens were cylindrical, of diameter 38 mm.., the initial 
static load was 156 kg. The schematic diagram shows the initial constant static load of 156 kg. at the 
top, the variable horizontal shear below, and the dynamic deformation at the bottom 


softness. Figure 19 shows the relation between the deformation and the 
periodic stress, which is derived from the measurements with constant periodic 
load. The vulcanizate containing Aerosil shows peculiar properties, in that 
the modulus of elasticity does not vary with the dynamic deformation. Con- 
sequently the hysteresis falls with higher periodic loads, and the temperature 
curves intersect. The flex life for constant load is shown in Figure 20. They 
correspond to the temperature increases observed under heavy stresses, e.g., 
with a shearing stress of 13 kg. 

The classification of the mixtures with respect to heat build-up, which was 
derived from the dynamic properties measured at room temperature (see 
Table 2), was not in accord in every case with the temperature measurements. 
The same classification is, of course, obtained by both calculation and by meas- 
urements, with respect to stress at constant deformation, and the measured 
rises of temperature shown in Figure 16 accord well with the calculated values 
given in Table 2. In the comparison with constant periodic load, in which the 
square of the modulus of elasticity enters into the calculations, there is no satis- 
factory accord. This is to be explained by the fact that small changes of the 
modulus of elasticity at elevated temperatures or for high periodic stresses, 
which were described by Roelig”, Oberto and Palandri®, and Waring'®, are 
not taken into consideration in the calculation. 
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Fig. 20.—Flex life to the beginning of destruction as a function of the periodic stress The abscias 
shows the flex life; the ordinate the periodic stress. The test-specimens were cylindrical, of diameter 38 
mm.; the initial static load 156 kg 


TEMPERATURE OF DESTRUCTION AND FLEX LIFE 


It is not possible by any direct means to derive any relation between the 
temperatures obtained by the measurements recorded in Figures 16 and 18 
and the flex life recorded in Figures 17 and 20, since in only a few cases were 
the measurements made under the same experimental conditions, i.e., with the 
same deformation or the same periodic stress. Most of the measurements of 
flex life were made under more closely controlled conditions than were the 
measurements of the temperature increase. This is a factor which has been 
ignored in many measurements of temperature and flex life because of efforts 
to determine the flex life of vulcanizates in short experimental times. 

On the contrary, in the present work, an attempt was made to find the 
actual temperatures of destruction, by which is meant the temperature at- 
tained at the moment of destruction. We determined this temperature of 
destruction by first studying the flex life of test-specimens at constant deforma- 
tion and determining the time, and then determining the temperature just be 
fore destruction with other test-specimens (about 30 seconds before destruc 
tion). The maximum points of these heating curves were plotted against the 
measured flex-life values. Figure 21 shows the results for the zine oxide 
mixture. By the same procedure, we obtained corresponding curves for all the 
other vulcanizates. Figure 22 shows the results, according to which the differ- 
ent mixtures required different times of flexing to reach the same temperature 
Different vulcanizates were destroyed in the same time at very different tem 
peratures. A particular deformation caused, for example, destruction of the 
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Fie. 21.-—-Relation between the temperature of destruction and flex life at diffevent deformations. The 
absciesa shows the flex life; the ordinate the temperature rise. The vulcanizate was that containing 150 
parts of zine oxide. The test-specimens were cylindrical, of diameter 38 min.; the initial load was 156 kg 
The upper solid curve shows the equilibrium temperature at the beginning of destruction 
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Fie. 22.—Relation between the temperature of destruction and flex life of different vulcanizates sub- 
jected to different stresses. The abscissa shows the fiex life at the beginning of destruction, the ordinate 
the rise of temperature at this point. The test-specimens were cylindrical, of diameter 38 mm. ; the initial 
static load 156 kg. The ranges of dynamic deformation and periodic stresses of the different vulcanizates 
were as follows: 

Kosmos-20 9.1-11.8 mm. (0.7-14.6 kg.) 
Philblack-O 58-76 mm. (15.5-198 = ) 
Zine oxide 8.3-10.8 mm. (2.5~-12.2 kg.) 
Kosmobile-866 5.2-6.7 mm. (13.1-15.3 kg.) 


The base (unloaded) vuleanizate reached the initial point of destruction in 100 minut« 


with a temperature 
rise of 140° C; the dynamic deformation was 12.9 mm., the periodic stress 3 kg 
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vulcanizate containing Kosmobile-866 in 50 minutes, with a rise of temperature 
of about 152° C, whereas the vulcanizate containing Kosmos-20 was destroyed 
in the same time only by a greater deformation, but with a temperature rise 
about 173° C. 

One might object that these different times and temperatures of destruction 
were obtained under different dynamic stresses. The question then remains 
open, whether, for a given dynamic stress, there is a divergence between the 
temperature of destruction and the flex life. We attempted, by varying the 
filler content, to obtain mixtures which had different flex life under the same 
dynamic stress. Figure 23 shows the relation between the flex life and de- 
formation of vulcanizates containing Kosmos-20 and zine oxide, respectively, 
in various amounts. The dependence of the flex life on the filler content was 
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Fig. 23,—-Flex life as a function of the dynamic deformation of vulcanizates containing different load- 
i of Kosmos-20 and zinc oxide. The abscissa shows the flex life to the beginning of destruction, the 
eollante the dynamic deformation. The dotted curve is the base (unloaded) vuleanizate. The other 
curves are marked in percentage by weight of Kosmos-20 or zinc oxide The test-specimens were cylindri 
cal, of diameter 38 mm., the initial static load 156 kg 


studied for deformations of 11 mm. and 13 mm. (Figure 24). With a deforma 
tion of 11 mm., the flex life of the Kosmos-20 vulcanizate was considerably 
different from that of the zine oxide vulcanizate. The temperatures of de- 
struction were measured for the times designated and plotted against the flex 
life (Figure 25). This diagram shows once more that different destruction 
temperatures are obtained for the same flex life. Thus, for example, the vul- 
canizate containing 60 per cent of zine oxide is destroyed after 30 minutes with 
with a horizontal deformation of 11 mm., with a temperature increase of 145° C, 
The vulcanizate containing 35 per cent Kosmos-20 was destroyed in the same 
time under the same stress, but with a temperature rise to about 162° C. 

In other words, for a given temperature rise, different vulcanizates show 





RUBBER CHEMISTRY AND TECHNOLOGY 





Kosmos 20 
“| ~~~ Zinkweii 


iz 


————— 
j 
| 


g 


o 
°o 


s 


Fulistoff in Gewichtsprozent ouf Koutschuk 
s] 
° 


~ a 
dyn.Deform. B mm 


Bi ae 


) 20 120. 40  16C 
Loufzeit bis Zerstorungsbeginn [min 














Fic. 24.—Flex life as a function of the loading. The abscissa shows the flex life at the beginning of 
destruction, the ordinate the content of zine oxide or Kosmos-20 in percentage by weight of the rubber 
The test-specimens were cylindrical, of diameter 38 mm.; the initial static load 156 kg.; the dynamic de- 
formation 11 and 13 mm 
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Fic. 25.—Relation between the temperature of destruction and the flex life of vuleanizates containing 
different’ amounts (percentage by weight of the rubber) of Kosmos-20 and of zine oxide. The abscisse 
shows the flex life at the beginning of destruction; the ordinate the temperature rise at the point of destruc- 
tion. The test-specimens were cylindrical, of diame ter 38 mm. ; the initial static load 156 kg.; the constant 
deformation 11 mm 
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different times to reach the point of destruction under otherwise the same ex- 
perimental conditions. The stresses observed in the specimens during the 
tests with constant deformation are smaller for the zine oxide vulcanizate than 
for the carbon-black vulcanizate, as can be seen in the stress-strain curves of 
Figure 19. 


HEAT BUILD-UP DURING FLEXING TO DESTRUCTION 


The relations between the temperature of destruction and the flex life do 
not indicate whether a larger or smaller rise of temperature takes place in one 
mixture than in another during the whole period of flexing to destruction. 

In order to answer this question, the temperatures of several vulcanizates 
were measured at various deformations, and the extreme conditions of the 
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Fic. 26.—Heat build-up of vuleanizates during dynamic stressing The samples were deformed to 
different degrees, depending on the filler. The abscissa shows the flex life at the beginning of destruction ; 
the ordinate the temperature rise. The test-specimens were cylindrical, of diameter 38 mm.; the initial 
static load 156 kg ‘he vertical arrows on the four curves indicate the beginning of destruction 


experiments recorded in Figure 22 were chosen. ‘The results of the tempera- 
ture measurements as a function of the flex life are shown in Figure 26. The 
different vulcanizates show very different temperature rises, which bear no 
relation to their flex life. For example, the vulcanizate containing Kosmobile 
$66 showed less heat build-up than did that containing Kosmos-20. Neverthe- 
less, the former was destroyed in about 15 minutes’ shorter time. The vul 
canizate containing Kosmos-20 reached a final constant temperature almost 
40° C higher, and also became heated more rapidly than did the .vuleanizate 
containing Aerosil; nevertheless the flex life of the Aerosil vuleanizate was 
somewhat shorter than that of the carbon-black vulcanizate. These facts are 
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of importance in relation both to the build-up and to the equilibrium tempera- 
ture reached before destruction. 

These phenomena were also studied with vuleanizates of a quite different 
type. In studying technical vulcanizates, three different types of mixtures 
were chosen, the formulations and physical properties of which are itemized in 
Table 3 

Comparison of the rises of temperature under experimental conditions of 
constant deformation (see Figure 27) gave different classifications of the 


TABLe 3 
Recipes AND PuysicaL Properties or Mrxtrures A, B, anp C 


Ingredient« A B ( 


Smoked Sheet 100 100 100 
Polysar-S 10.7 10.7 


Kosmos-40 am 
Kosmos-20 54.5 18. 
Durex-O 35.7 
Siliceous chalk 


Mineral) oil 
Spindle oil 


Zine gray 
Magnesiu 


Stearic acid 
Sulfur 


Diphenylguanidine 
Benzothiazolyldisulfide 
Mercaptobenzothiazole 
Santocure 


Age-Rite resin 
Pheny]-6-naphthylamine 0.8 


Defo hardness of the raw mixture 1000 


Vulcanization of 6 mm. sheets (min. 
at 2.1 atm.) . ! 50 


Specific gravity 3 AS 1.18 


Strength (kg. per sq. cm.) 
Breaking strength (%) ; : 613 
Modulus at 300% (kg. per sq. cm.) 50 
Initial modulus of elasticity (kg. / 
sq. cm.) 42 
Shore Sor Al 5f 51 
Softness DVM (kg. per sq. cm.) : : 60 
Rebound resistance at room tem- 
perature (%) 5¢ 62 
Rebound resistance at 70° C (%) f 7: 76 
Dynamic modulus of elasticity (10° 
dyne/sq. em.) 2 95 Initial stress 
Dynamic viscosity (kilopoises) . 8.6 4 kg./sq. cm. 
Hysteresis at constant deformation Frequency 100 cycles 
(erg./cu. mm./vibration) 3. ; 10.6 f per sec. Deform- 
tion 0.5 mm 
Conditions of the tests as in Table 2, 
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mixtures with respect to their heat build-up. Up to a deformation of about 7 
mm., mixture C showed least heat build-up, whereas, at higher deformations it 
showed the greatest heat build-up. Figure 28 shows measurements of the 
temperature rises through a range of flexing times. The classification accord- 
ing to heat build-up conforms to the previous order, so that a reversal appears 
at stresses of 6and 8.5mm. Experiments with a deformation of 10 mm, show 
that destruction took place first in mixture C with the greatest temperature rise 
throughout the period of flexing; however, the destruction temperature was 
lower than the temperatures of destruction of the mixtures A and B, which 
showed longer flexing life. In this case, the temperature of destruction is, 
therefore, actually lower in the mixtures with short flex life than in those of 
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Fig, 27.—-Temperature rise as a function of the dynamic deformation. The abscissa shows the dynamic 
deformation, the ordinate the temperature rise. The temperature rise was measured at the center of each 
test-sepeimen after equilibrium was reached. The test-specimens of mixtures A, B, and C were cylindrical 
of diameter 38 mm.; the initial static load 156 kg. 


longer flex life, but the heat build-up during the entire time of flexing was 
greater. 

It can be assumed, then, that more rapid heating causes earlier destruction 
at lower temperatures. It should, however, be noted that, in the experiments 
illustrated in Figure 21, the more rapid heating processes lead to earlier de- 
struction, but in no case (not even in other mixtures) to a lower temperature 
of destruction. Hence it must be concluded that mixture C had less heat 
resistance than did the other mixtures. 

Finally it can be shown that different mixtures under equal stresses, flex at 
different temperatures throughout the time of flexing and that destruction takes 
place earlier at lower temperatures. Figure 16 shows that the temperature 
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rise of the vulcanizate containing Aerosil at deformations of 5 and 6 mm. is 
less than that of the vulcanizate containing Philblack-C. Measurements of 
the flex life with a deformation of 6 mm. (Figure 17), however, gave flex life 
curves which intersected, and the vulcanizate containing Aerosil had a shorter 
flex life at low deformation. An accurate measurement” of the heat build-up 
during the whole process of flexing of fresh mixed and vulcanized samples at a 
constant deformation of 6 mm. is seen in Figure 29. 

The vulcanizate containing Aerosil showed considerably less heat build-up 
and a lower temperature of destruction at equilibrium than did the vulcanizate 
containing Philblack-O. Nevertheless, it was destroyed much sooner than 
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Fie. 28.—Heat build-up of vuleanizates during dynamic stressin, The specimens were deformed to 
differing degrees, depending on the composition (mixtures A, B, and C), as designated on the curves. The 
abscissa shows the flex life; the ordinate the temperature rise. The test-specimens were cylindrical, of 
diameter 38 mm. ; the initial static load 156 kg.; the dynamic deformations 6,8.5,and10mm. The vertical! 
arrows indicate the flex life at the beginning of destruction 


was the carbon-black vulcanizate. The stress conditions were, as shown in 
Figure 19, almost the same in both vulcanizates. 


EXPERIMENTAL RESULTS WITH SYNTHETIC RUBBERS 


The investigations were extended to several types of synthetic rubbers, 
including Buna-S3, Polysar-S, Krylene, and Krynol. The German Buna-S3 
at our disposal from stocks of the last war had been thermally degraded about 
two years previously. The other rubbers are products of the Polymer Corpora- 
tion, Sarnia. Polysar-8 is comparable to German Buna-S3 in the physical 
properties of its vuleanizates. Polysar Krylene is a “cold”’ rubber, and Polysar 
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Krynol is an oil-extended rubber. These products have been described al- 
ready”, so that they need not be discussed in detail. 

In these experiments, we confined ourselves to mixtures containing 50 per 
cent of HAF carbon black (Philblack-O) and compared the results with the 
earlier experimental results with the natural-rubber vulcanizate containing this 
same carbon black. The recipes were formulated to be as similar as possible; 
they were purposely compounded without softener, in order to reveal the 
specific properties of the polymers in the vulcanizates most clearly. Of course, 
from this point of view, the best properties in every other respect could not be 
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Fic. 29.—Heat build-up of vuleanizates during dynamic stressing to the same degree. The absciasa 
shows the flex life to the point of beginning of destruction; the ordinate the temperature rise. The solid 
curve is a Buna-83 vulcanizate containing Philblack-0 : curve I is a natural-rubber vulcanizate containing 
Philblack-O; curve II is a natural-rubber vulcanizate containing Aerosil. At the end of 3 hours, there was 
no evidence of destruction of the Buna-83 vulcanizate. The vertical arrows of curves I and II indicat« 
the beginning of destruction. The test-specimens were cylindrical, of diameter 38 mm.; the initial static 
load 156 kg.; the dynamic deformation 6 mm 


attained. The recipes are given in Table 4, together with the results of the 
physical tests. 

Figure 30 shows the temperatures, measured statically, as a function of the 
deformation. At small deformations (under 5.5 mm.), natural rubber, Polysa: 
S, and the cold rubbers are superior to Buna-83; at still smaller deformations 
Buna-S3 appears to develop less heat-build-up. A structural change in the 
natural-rubber mixture at higher temperatures is indicated by the steep rise of 
the temperature curves. It is to be regarded as proof of the intrinsic high 
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TABLE 4 


Recipes AND PuysicaL Properties or Synruetic-Rupper Mixtures 
Containine 50 Per Cent or HAF Carson Brack 


Natural rubber (Smoked sheet No. 1) 100 
Buna 8-3 
Polysar-S 


Krylene 
Krynol 


Philblack-O 


Stearic acid 
Zine oxide 


Sulfur 


Mercaptobenzothiazole 
Benzothiazolesulfenamine (Santocure) 1.25 1.25 1.25 0.8 


Defo hardness/Defo elasticity of masti- 

cated rubber 650/17 850/34 575/35 700/32 550/25 
Defo hardness/Defo elasticity of raw mix- 

ture 1450/12 2150/26 1750/26 1750/22 1350/19 


Vulcanization (6 mm.) (in min. at 2.5 
atm) j 60 6 60 


Specific gravity A 1.16 1.16 


Tensile stress (kg. per 8q. cm.) 5 179 
i 


Breaking strength (%) 27! 301 
Modulus at 150% (kg. per 8q. cm.) 52 58 
Modulus at 300% (kg./sq. cm.) 178 
Compression modulus (kg./sq. cm.)* 91 
Shore hardness? 71 
Softnesas DVM (0.01 mm.) : } 36 
Rebound resistance (at 20° C in %)¢ f 35 
Rebound resistance (at 70° C in %)4 f 5! 50 


Dynamic modulus of elasticity (kg./sq. 

cm.)* 158 213 139 
Dynamic viscosity (kilopoises)* 20.5 25. 39.8 38.2 37.6 
Hysteresis at constant deformation (erg. / 

cu. mm./vibration)# 25.3 49.2 47.2 46.5 
Hysteresis at const periodic stress (erg., 

cu. mm./vibration)¢* 5.3 4. 4.5 5.6 9. 
Heat conductivity (Keal./m.h. ° C)/ 0.236 ‘ 0.265 0.261 0.248 


Hysteresis at constant deformation /heat 
conductivity’ 107 : 185 18] 188 


Hysteresis at const. periodic stress /heat 
conductivity* 


Refer to Table 2 for footnotes a-h. 


* The Rebound resistance is higher than the value corresponding to results which were obtained with 
this same type of rubber during the War. This may be attributable to the unusual age of the Buna tested 
and to the Sieense of any softener in the mixtures. This is supported by the fact that Ecker**, in his basic 
comparison of various newer polymers with Buna-S3, likewise obtained high rebound resilience values for 
the older Buna-83 





HEAT BUILD-UP UNDER DYNAMIC STRESS 181 


quality of the Krynol mixture that it shows no different heat build-up than the 
other synthetic polymers, despite its high softener content. In a test with con- 
stant periodic stress (Figure 31), the softer vulcanizates proved to be inferior 
to the harder ones, and natural rubber and Krynol showed the greatest heat 
build-up. 

The classification based on the dynamic properties recorded in Table 4 for 
the temperature rise of the mixtures can be compared only for the smallest 
stresses. The modulus of elasticity changes sharply with increasing stress and 
with consequent temperature rise (Figure 32). It is characteristic of synthetic 
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Fie. 30.—Heat build-up as a function of the dynamic deformation of Buna-83, natural rubber, Krynol, 
Polysar-3, and Krylene vuleanizates. The abscissa shows the dynamic deformation; the ordinate the 
temperature rise. The temperature was measured at the center of each specimen after equilibrium was 
reached. The test-epecimens were cylindrical, of diameter 38 mm 


the initial static load was 156 kg 
rubbers that the modulus of elasticity remains almost unchanged under high 
stresses. Only Krynol, because of its high softener content, like natural rub- 
ber, did not show this same behavior. 

The relation between the temperature of destruction and flex life of the 
synthetic rubbers was studied in the same way as were the natural-rubber 
mixtures containing various fillers (see Figure 33 in comparison with Figure 22) 
All the synthetic polymers, including the oil-extended rubber, can be considered 
to be more heat resistant than is natural rubber. Natural rubber was destroyed 
at the lowest temperatures, and only the smallest deformations were necessary 


With a constant deformation of 6 mm., the progressive changes of temperature 
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to the point of destruction were measured (Figure 29). Every measurement 
was made with a new test-specimen. The Buna-S3 vulcanizate showed a higher 
temperature throughout its flex life, yet withstood destruction much longer 
than did the equally stressed natural-rubber vulcanizates. It should be noted 
also that, at this same deformation, the Buna-S3 vulcanizate, because of its 
higher modulus of elasticity, was under nearly twice as great a stress as was 
the natural-rubber vulcanizate containing Philblack-O, as may be seen in 


Figure 32. 
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Fic. 31.—~Heat build-up as a function of the periodic stress for Buna-83, natural rubber, Krylene, 
Polysar-8, and Krynol vuleanizates. The abscissa shows the periodic stress (horizontal shear) ; the caliente 
the temperature rise. The temperature was measured at the center of each specimen after equilibrium was 
reached. The periodic stress was maintained constant to the point where the temperature reached equilib 
rium, The test-specimens were cylindrical, of diameter 38 mm.; the initial static load was 156 kg 


SUMMARY AND CONCLUSIONS 


The classification of various mixtures of natural rubber and of synthetic 
rubber and of synthetic rubbers with respect to heat build-up under dynamic 
stress depends on the experimental conditions under which the vulcanizates 
are tested. In many cases a reversal of the order of the mixtures is found when 
the latter are compared at constant deformation instead of at constant periodic 
stress. This is true also of flexing to the point of destruction of various types of 
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vuleanizates. The dependence of the dynamic properties on the temperature 
and on the stress is characteristic of the type of vulcanizate. Hence, any 
classification of various mixtures depends not only on the character, but also on 
the magnitude of the stress. These differences were found within the tempera- 
ture range encountered in practice, as in tires. Consequently, no definite con- 
clusions about the temperature rise in the range of heat build-up extending to 
the point of destruction can be drawn from measurements of the dynamic 
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Fig. 32.—-Dynamic stress-strain diagram for Buna-S3, natural rubber, Krylene, Polysar-8, and Krynol 
vuleanizates he abscissa shows the dynamic deformation; the ordinate the periodic stress (horizontal 
shear). The test-specimens were cylindrical, of diameter 38 mm.; the initial static load 156 kg 


properties at room temperature. Changes of the dynamic properties can also 
take place during dynamic stressing without any considerable rise of tempera- 
ture. 

In general, the temperature rise in the static state and the flex life are re- 
lated in the sense that the higher the temperature, the shorter is the flex life, 
if the preceding facts are taken into consideration. However, the experiments 
on the temperatures of destruction show that the flex life of different vuleani- 
zates differs even when the rise of temperature is the same. For a flex life of 
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100 minutes, natural-rubber vulcanizates containing active carbon blacks were 
destroyed at higher temperatures (170°-185° C) than was the base mixture 
containing no filler (about 160° C). The synthetic-rubber mixtures showed 
greater heat build-up (190°-220° C). These differences are found with differ- 
ent, as well as with equal, mechanical stress on the vulcanizate. 

The nature of the destruction for a given stress depends to a considerable 
degree on the structure of the vulcanizate. When flexed to the point of de- 
struction, natural-rubber vulcanizates containing zine oxide or SRF carbon 
blacks, and all synthetic-rubber vulcanizates, crack from the core outward, 
without showing any extensive thermal decomposition. On the other hand, 
natural-rubber vulcanizates containing active carbon blacks or Aerosil showed 


definite evidence of heat decomposition in the center, i.e., stickiness and poros- 
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Abb. 33. Zusammenhang zwischen Zerstorungstemperatur Bereich der dynamischen Deformction: 
und Laufzeit (verschiedene Kautschukarten und Buna $3 von 6,7 bis 8,4 mm 
verschiedene Beanspruchungen, Polysar $ von 7,7 bis 9,5 mm 

Prifbedingungen: Prifkérper; Quadratischer Zylinder, Krylene von 78 bis 9,1 mm 
38 mm Durchmesser - Stotische Voriast: 156 kg Krynol von 6,9 bis 88 mm 
Naturkautschuk von 5,9 bis 7,6 mm 


Fic. 33.—Relation between the temperature at the beginning of destruction and the flex life of Buna-83, 
natural-rubber, Krylene, Polysar-8, and Krynol vulcanizates. The abscissa shows the flex life at the 
beginning of destruction: the ordinate the temperature rise. The test-specimens were cylindrical, of diam 
oter 38 mm.; initial static load 156kg. The ranges of dynamic deformations were, for the five v uleanizates 
Buna-83 6.7-8.4 mm., Polysar-8 7.7-0.5 mm., Krylene 7.8-9.1 mm., Krynol 6.9-8.8 mm., natural rub ber 
5.9-7.6 mm 


ity. This distinction in the destruction patterns gives the impression that the 
cause of destruction in the first case is chiefly a mechanical attack, whereas in 
the latter, it is chiefly thermal decomposition. 

It must be concluded from all the experimental results that several chemical 
reactions of destruction, having different temperature coefficients, proceed 
simultaneously, and that direct mechanical attack by the external forces is, 
to a greater or less extent, added to the heat effect. 
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THE SOLUBILITY OF N-PHENYL-2-NAPHTHYLAMINE 
IN ELASTOMERS * 


S. A. Rerruincer anv A. 8. Kuzmrinsxil 


The determination of the solubility of N-phenyl-2-naphthylamine in elasto- 
mers is of great importance in determining the correct percentage of this sub- 
stance to add to an elastomer to protect it from oxidation. 

Kuzminskil and Lezhnev' have shown that the duration of the induction of 
the oxidation of rubber depends on the concentration of N-phenyl-2-naphthy]l- 
amine inhibitor in the rubber. 


at. 


Fig. 1.—Microphotographs of crystals of N-phenyl-2-naphthylamine obtained from crystallization of 
various types of elastomers. Magnification X 120. 1. SK-B55 R. 4 grams of N-phenyl-2-naphthyl- 
amine in 100 grams of rubber. Large crystals. 2. Smoked-sheet rubber. 6 grams of N-phenyl-2- 
naphthylamine in 100 grams of rubber. 3. Smoked-sheet rubber. 3 grams of ¥-phennl-B-ceghthelamine 
in 100 grams of rubber. Large crystals. 4. SKS-30. 5 grams of N-phenyl-2-naphthylamine in 100 
grams of rubber. Large a. - 


* Translated for Russer Cuemistay ann Tecuno oer from the Zhurnal Prikladnoi Khimil (Journal 
of Applied Chemistry, Vol. 27, No. 2, pages 214-217 (1954) 
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SOLUBILITY OF N-PHENYL-2-NAPHTHYLAMINE 


EXPERIMENTAL PART 


The solubility in six elastomers was studied, including natural rubber 
(smoked sheet), polybutadiene, SKS-30 butadiene-styrene copolymer, SKN-40 
butadiene-acrylonitrile copolymer, polychloroprene, and polyisobutylene was 
measured. The samples were first masticated on a mill in order to break up the 
original structure, and low-molecular components and antioxidants were elimi- 
nated by extraction with ethanol or acetone. 

N-Phenyl-2-naphthylamine of m.p. 107.4° C was purified by activated 
carbon, followed by repeated crystallization from benzene solution. Thin 


Fe, 
Sy i 


Via. 2,—Microphotographs of crystals of N-phenyl-2-naphthylamine obtained by crystalization of 
various types of elastomers. Magnification x 120. 1. SKN-40. 4 grams of N-phenyl-2-naphthylamine 
in 100 grams rubber. Large crystals. 2. SKN-40. 6 grams N-phenyl-2-naphthylamine to 100 grams of 
rubber. Large crystals. 3. Polyisobutylene. 1 gram N-phenyl-2-naphthylamine to 100 grams of rubber 


sheets of the elastomers containing progressively increasing percentages of this 
purified N-phenyl-2-naphthylamine were prepared from benzene solutions for 
use in determining the solubility of N-phenyl-2-naphthylamine in these elasto- 
mers. 

Benzene solutions of the elastomers were poured onto the surface of glass 
plates and the sheets were dried in an oxygen-free atmosphere at 35-40° C. 
Their thickness ranged from 0.05 to 0.07 mm. Sheets containing fine, uni- 
formly distributed crystals of N-phenyl-2-naphthylamine were used in the 
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experiment. A second recrystallization was induced by heating and then 
rapidly cooling the sheets in the presence of large dendritic crystals. 

It is interesting to note that N-pheny!-2-naphthylamine, as is seen in the 
microphotographs in Figures 1 and 2, crystallizes in various shapes, which are 
characteristic of each type of rubber. 

The solubility of N-phenyl-2-naphthylamine was determined by slowly 
heating a sheet to the temperature at which the crystals completely disap- 
peared. The disappearance of the crystals was observed through a 35-power 
microscope. A special thermostat was used to insure uniform heating of the 
sheet. The temperature was measured by a thermocouple, the junction of 
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Fie. 3.-—Relation of logarithm of solubility of N-pheny!-2-naphthylamine in elastomers to the recipro- 
eal of the absolute temperature. A. Logarithm of solubility of Hesksart b-acgtthylonine B. (1/7) x 
10, where T' is the absolute temperature. 1. Polyisobutylene. 2. Natural rubber. 3. Polybutadiene 
4. Butadiene-styrene copolymer. 5. Butadiene-acrylonitrile copolymer. 6. Polychloroprene 





which was placed in the middle of the sheet. The rate of temperature increase 
was 1° C in 10-15 minutes. 

The results of measuring the solubility of N-phenyl-2-naphthylamine in 
various elastomers are represented in Figure 3 as the relation of the logarithm 
of the solubility in millimoles to the reciprocal of the absolute temperature. 
Three to five measurements of the temperature of complete disappearance of 
the crystals were made for each concentration of N-pheny]-2-naphthylamine. 


: l t 
By extrapolating the curves of log C — pon the ordinate, corresponding 


to the temperature at 20° C, it is possible to determine the true solubility of 
N-phenyl-2-naphthylamine in an elastomer at a given temperature. The con- 
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centration corresponding to the true solubility is much smaller than the maxi- 
mum solubility, at which crystallization commences, owing to the formation of 
supersaturated solutions characteristic of small concentrations of N-phenyl-2- 
naphthylamine in rubber, as is seen in the accompanying table. 


SoLuBILiry AND Heat or SoLuTION or N-PHENYL-2-NAPHTHYLAMINE 
IN ELASTOMERS 
Caleulated 
solubility 
(mmol. per Crystallization 
100 g. rub range (mmol 


ber) at per 100 ¢@ Heat of solution 
Elastomer 20° C bber) ¢ . (keal. per mole 


Polyisobutylene 0.32 l : ~11450 
Natural aiber (smoked sheet) 1.9] 6.1 — 10050 
Polybutadiene 2.92 7.7-9. - 9700 
Butadiene-styrene copolymer 3.28 6.8-8.7 ~ 8100 
Sitadienenarylenitelle copolymer 3.51 1.4- 8560 
Polychloroprene 8.67 23. ; — 8420 


The concentration of N-phenyl-2-naphthylamine in a supersaturated solu- 
tion does not appear to be strictly constant, and varies with the time, tempera- 
ture, and presence of particles of solid ingredients in the rubber, which induce 
the formation of crystals. 

The relation of the solubility of N-phenyl-2-naphthylamine in rubber to the 
temperature can be expressed by the Clausius-Clapeyron equation: 

a 

"Ni 
where N» and N, are the solubilities at temperatures 7’, and 7';, respectively, 
and X is the heat of solution of one mole of N-phenyl-2-naphthylamine in a 
saturated solution (in keal. per mole). 

The values of the heat of solution (see the table) decrease with increase of 
the solubility of N-phenyl-2-naphthylamine. The order of classification of the 
elastomers according to their solvent power and heat of solution is governed by 
the polar nature of N-phenyl-2-naphthylamine. 

Of the elastomers studied, polychloroprene showed the greatest solvent 
power for N-phenyl-2-naphthylamine. 
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VULCANIZATION OF RUBBER BY ORGANIC 
PEROXIDES * 


M. Brapven, W. P. Fietcuer, anp G. P. McSwEEeNEY 


Barrisn Rosser Propucers’ Researcu Association, WeLwYn 
Garpen Crry, Herrrorpsuire, ENGLAND 


INTRODUCTION 


Interest in peroxide vulcanization was aroused as long ago as 1915 when 
Ostromislensky' showed that benzoy! peroxide could be used in place of sulfur 
to cure natural rubber. The process has never found very wide application 
because the proportion of benzoyl peroxide necessary for a good cure is con- 
siderable; this leads to surface blooming of the benzoic acid produced by de- 
composition of the peroxide. Moreover, the physical properties of the vul- 
canizates are not particularly good, and aging is poor. 

Ideally, to effect vulcanization, a peroxide should serve solely as.a source of 
radicals, which, by abstracting some of the more labile (e.g., a-methylenic) 
hydrogen atoms of the rubber hydrocarbon, provide randomly distributed 
active (radical) centers. These lead to cross-linking by mutual interaction, or 
by reaction with other rubber molecules. That benzoyl peroxide departs seri- 
ously from this ideal case was first demonstrated by van Rossem*, who found 
evidence of benzoate groups combined with the rubber, and this was firmly 
established by Farmer and Michael’. Farmer and Moore‘ showed that di-tert- 
butyl peroxide exhibits almost ideal behavior, giving good vulcanizates, with 
formation of tert-butanol and acetone, both of which, being volatile, escape 
rapidly from the rubber. Analysis of the vulcanizate reveals that the oxygen 
content is not significantly higher than that of the raw rubber, so combination 
of fragments of this peroxide with rubber is not appreciable. 


FACTORS GOVERNING THE CHOICE OF PEROXIDE 


The ideal peroxide for curing rubber should have the following character- 
istics : 

(1) It must be safe to handle at processing temperatures, and must be 
nontoxic and nonirritant. 

(2) Its ultimate decomposition products should be harmless and volatile. 

(3) It should not combine with rubber in side reactions, which are wasteful 
of peroxide and may introduce groups having an adverse effect on the cured 
rubber. 

(4) Its decomposition temperature in the presence of rubber must not be so 
low that scorching occurs during compounding, but rapid decomposition at 
curing temperatures is desirable for a short cure. 

(5) It must not be so volatile that losses occur in mixing. 

(6) It must be readily compatible with rubber, and preferably should be a 
solid 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol, 30, No. 2, pages 44-55 
April 1054 
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Taste I 


TENSILE PROPERTIES OF SOME PEROXIDE VULCANIZATES (CURED FOR 
OptmuM TENSILE STRENGTH) 


Parts 


peroxide Tensile Elongation Muc60 M soo 
per 100 of strength at break (kg./ (kg./ 
Peroxide rubber (kg./em.*) (%) em.*) em.*) 
Dibenzoy!* 5.3 40 950 
11.0 50 750 
Di-lauroy] 5.0 2.1 
10.0 3.1 
Di-tert-butyl* 1.5 141 645 5.4 13 
2.5 162 570 6.2 20 
3.4 123 470 8.2 25 
Tert-butyl perbenzoate 3.0 130 650 8.0 12 
2:2-Di-(tert-buty] peroxy) propane 3.0 4.8 
2:2-Di-(tert-butyl peroxy) Salas 2.5 130 630 7.0 19 


(7) Neither the peroxide nor its decomposition products should catalyze 
oxidation of the rubber. 

(8) It should be effective in the presence of reinforcing fillers in order not 
to limit its application to pure-gum vulcanizates. 


BEHAVIOR OF PEROXIDES IN VULCANIZATION 


Table I summarizes the behavior of rubber (RSS No. 1) with various 
peroxides at conventional curing temperatures (130-140° C). In this table, 
the abbreviations M100 and M300 signify the modulus at 100 per cent and at 
300 per cent extension. Dilauroy!l peroxide is a poor vulcanizing agent, and, 
as with benzoyl peroxide, there is appreciable combination of oxygenated 
groups with the rubber; thus, with 10 parts dilauroyl peroxide per 100 parts of 
rubber, the oxygen content of the extracted rubber rose from 0.76 to 1.26 pe 
cent. 

1-Hydroperoxycyclohexy! 1-hydroxycyclohexy! peroxide® exhibits an un- 
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fortunate tendency to explosive decomposition in the nip of the mill; it also has 
a marked plasticizing action on the rubber, leading to severe degradation in 
heated samples of the mix. Another peroxide causing severe degradation® is 
tert-butyl-a-hydroxy-8-88-trichloroethyl peroxide.’ 

Although di-tert-buty] peroxide is a promising vulcanizing agent, it is too 
volatile for practical application. The less volatile tert-butyl perbenzoate 
shows several of the favorable characteristics of di-tert-butyl peroxide but it 
also exhibits two of the undesirable features of dibenzoyl peroxide: free benzoic 


Tasie II 
Physical property r.B.P 2,2-PB 

Specific gravity 1.04 0.88 
Refractive index 1.489 1.4145 
Melting point ° C s —0.8 
Boiling point ° C 75-77/2 mm. 50/2 mm. 
Flash point ° C 65.5° >65° 
Recommended storage In glass containers at room 


temperature 


acid is formed in the rubber and combination of oxygenated groups (probably 
benzoate) is revealed by an increase in oxygen content (about 0.25 per cent) 
and by a pronounced peak in the dielectric loss spectrum (Figure 1). 

In view of the limitations imposed by the known instability of dialkyl per- 
oxides other than di-tert-buty], it seemed most probable that a peroxide meeting 
most of the above idealized requirements would occur among the 2,2-di-(tert- 
butyl peroxy) alkanes. 2,2-Di-(tert-butyl peroxy) butane’ is indeed found to 


eR Te 





Fria. 2.-—}-inch block of T.B.P. vulcanizate. 


vuleanize rubber at conventional curing temperatures without significantly 
increasing the oxygen content of the rubber by side reactions. 


TECHNICAL EVALUATION OF PEROXIDE VULCANIZATES 


Both tert-butyl perbenzoate (T.B.P.) and 2,2 di-(tert-butyl peroxy) butane 
(2,2-P.B.) are clear pale yellow liquids, with characteristic but not unpleasant 
odors ; both have a plasticizing action on rubber and are readily incorporated by 
ordinary methods of mixing. Table IT lists the more important physical 
properties of the pure peroxides. 
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Rubbers cured with either of these two peroxides possess the very attractive 
attributes of transparency and pale color (Figure 2). 


rERT-BUTYL PERBENZOATE (T.B.P.) CURES 


The progress of vulcanization with various concentrations of T.B.P. is 
illustrated by the curves of Figure 3. Modulus at 100 per cent extension in- 
creases rapidly at first, reaching a steady maximum after 50 minutes at 140° C 
The rate of attainment of maximum modulus is approximately equal to that of 
sulfur vulcanizate containing an accelerator of the medium class. It will be 
noticed that modulus does not revert, even on prolonged overcure. 

Tensile strength reaches its maximum after 30 minutes’ cure, and the maxi- 
mum is sharp. The occurrence of optimum tensile strength rather earlier than 
optimum modulus is a feature of many types of pure-gum compound, and is 
not peculiar to peroxide vulcanization. The modulus at 100 per cent of a 3 
per cent T.B.P. compound (the concentration giving maximum tensile strength) 
is about equal to that given by a high-modulus accelerator, such as N-cyclo 
hexyl-2-benzothiazole sulfenamide in « sulfur vulcanizate. 

A defect of these vulcanizates is their brittle nature at elevated tempera 


Tasie III 
Geer Oven Aatne or 3 Per Cent T.B.P. Compounp 


Aged 14 days 


Unaged at 70° C 
Tensile strength (kg./cm.*) 130 102 
Elongation at break (%) 650 645 
Modulus at 100% (kg./cm.*) ~ 7 
Modulus at 300% (kg./cm.*) 12 1} 


Modulus at 500% (kg./cm.*) 45 42 








si bs Wi, all 
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ture; this is more marked with samples having high T.B.P. content and those 
cured beyond maximum modulus, and necessitates careful handling when un- 
loading vulcanizates from hot molds. The highly elastic nature of a fully vul- 
canized T.B.P. rubber is illustrated by the fact that no measurable permanent 
set is found after 10 minutes’ extension to 100 per cent, followed by 30 minutes’ 
rest. 

The aging behavior of a 3 per cent T.B.P. compound vulcanized to optimum 
tensile strength is shown by the figures of Table ITT. 

A noticeable surface tackiness of T.B.P. vulcanizates, particularly in the 
region of spew-holes, suggests that oxidative degradation takes place during 
vulcanization, and the low values of tensile strength compared with sulfur cures 
might also be attributed to the same cause. In recognition of the well known 
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effect of peroxides or their decomposition products in catalyzing the oxidation 
of rubber, an attempt was made to introduce compounds which would inhibit 
or reduce such oxidative processes. Bolland and Ten Have’ have shown that 
certain phenolic substances inhibit the oxidation of olefins, and a range of such 
materials has been tried in a 3 per cent T.B.P. compound. In view of the 
similarity of the initiating steps involved in peroxide-induced cross-linking and 
peroxide-promoted oxidation, it was not surprising to find that many phenolic 
substances reduced the cross-linking efficiency of peroxides. However, re- 
sorcinol (0.5 per cent) or B-naphthol (0.2 per cent), although slightly lowering 
the maximum modulus, reduced the surface tackiness and gave improved ten- 
sile strength and hot tear resistance. It is noteworthy that the “‘peakiness’’ of 
the curing curve (Figure 4) is reduced by the presence of resorcinol, while the 
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aged properties are much improved when compared with those of the unmodi- 
fied compound. The improvement of strength at high temperatures, as shown 
by crescent tear tests, is illustrated in Figure 5. The improvement effected 
by these phenolic additives supports the view that, in the simple rubber 
T.B.P. compound, a degradation reaction occurs simultaneously with the cross- 
linking, and it is therefore interesting to follow the build-up of physical proper- 
ties with time at a number of different temperatures (Figure 6). Although 
enhanced strengths are given by curing at 130° C, they are not retained on 
aging, and so the advantage of curing at lower temperature is somewhat doubt- 
ful. 
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THE INTERACTION OF PEROXIDES AND CARBON BLACK 


Many types of carbon black strongly inhibit the vulcanizing action of per- 
oxides, and reasonably elastic vulcanizates have been obtained only with lamp 
black in T.B.P. cures. That this behavior is due to decomposition of the per- 
oxide rather than adsorption on the black (leading to a reduction of its effective 
concentration in the rubber) has been demonstrated by allowing benzene solu- 
tions of peroxides to percolate slowly through columns (30 em. x 1.5 em.) of 
representative carbon blacks at room temperature. Under these conditions, 
dibenzoy! peroxide is largely converted to benzoic acid (Table IV), but tert-buty] 
perbenzoate is much less affected. Channel blacks appear to promote more 
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rapid decomposition of peroxide than furnace blacks. The latter and lamp 
black produce some discoloration, which is due specifically to the peroxide-black 
interaction, since benzene does not extract any coloring matter from the 
untreated black. 

Although T.B.P. is found to be more stable than benzoyl! peroxide towards 
carbon blacks in these tests at room temperature, the stability at curing temper- 
ature would appear to be of a similar order in view of the failure to produce any 


TasLe I\ 


Decomposition oF Dipenzoyt, Peroxipe (3 G.) By 
Some CarBon Buacks t 
Carbon black Philblack-O Lampblack Statex-93 E.P.C. Micronex 
Color of eluate Red-brown Red-brown Red-brown Colorless Colorless 
Percentage of origina! 
peroxide in eluate* 
Slow column 34 2 
Medium column 50 63 37 16 
Fast column 56 


* Eluted with benzene and eluate evaporated to dryness under reduced pressure at 30° C 
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Tasie V 


Tensile Llongation 
% by strength at break 
Filler weight (kg./em.? (%) 
Light magnesium carbonate 25 178 530 
China clay (Stockalite) 25 190 198 
Zine oxide 50 199 570 
Frantex-B 30 200 470 
Calcium silicate 20 192 521 


TABLE VI 
Percentage change after 14 days aging at 70° ( 
Filler TS “Bb M s00 
Zine oxide -72 19 25 
Light magnesium carbonate 24.2 9.45 5 
China clay (Stockalite) 30.6 14.0 + 10.5 
Whiting 17 5 l 
Barytes 26 8 | 
Calcium silicate (From 10 to 100 parts 
by weight) 20 to —45 3! 0 to +30 
Frantex-B (From 15 to 60 parts by 
weight) 41 to —49 
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vulcanizate of technical value. Of the various peroxides examined, di-tert- 
butyl peroxide alone gave good cures in black-loaded stocks, including HAF 
black, but its volatility remains a serious obstacle to its practical application. 
Thus a compound containing 100 parts of rubber, 50 per cent HAF Black, and 
5 per cent di-tert-butyl peroxide gave a tensile strength of 147 kg./cm.’, an 
elongation at break of 268 per cent, and a modulus at 100 per cent of 23 kg./ 
em.” 


T.B.P. COMPOUNDS CONTAINING NONBLACK FILLERS 
A number of nonblack fillers have been used in a 3 per cent T.B.P. compound 
(Tables V and VI), and one point of general interest is that T.B.P. facilitates 


the incorporation into rubber of high loadings of powders. Vulcanization 
appeared to be unaffected by the fillers, and the properties are exemplified by 
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the behavior of 3 per cent T.B.P. stocks with various loadings of whiting 
(Figure 7), and barytes (Figure 8). Table V shows the properties of other 
compounds at the filler level giving maximum tensile product. 

A striking feature of barytes is the high level of strength and elongation 
maintained up to a high loading. Another remarkable fact is the pronounced 
increase of tensile strength produced by a very small addition (e.g., 1 per cent) 
of any of the fillers. This may be due to more intimate mixing of the T.B.P. 
into the rubber in the presence of a dry filler. 

The aging behavior of the filled compounds containing an antioxidant is 
shown in Table VI; with all fillers except calcium silicate and Frantex, dete- 
rioration appears to be independent of filler content, and a mean value has been 
quoted. 
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With calcium silicate and Frantex, deterioration increases with filler load- 
ing. The zine oxide compounds age very badly, but the remainder show good 
behavior compared with unprotected sulfur vulcanizates. In attempting to 
use antioxidants with T.B.P. compounds, it was found, not unexpectedly, that 
the majority had some inhibiting effect on vulcanization. The only antioxidant 


Tasie VII 
Unaged Aged 14 days at 70° C % Change 

r— A - = ‘ , 

TS Mae TS M 300 

(kg Eb (kg./ (kg./ Eb (kg rs Et 

Filler em.*) (%) em.*) em.*) (%) em.?) (kg./erm.*) ‘ 
Zine oxide 145 645 14 139 653 l 
Calcium silicate 140 648 17 125 58756 2 
Frantex-B 1990 553 45 9 410 5 


4.1 
2 10.7 
3 50 
TS. signifies tensile strength, Eb elongation at break, M300 modulus at 300% elonga- 
tion. 


which did not have a large effect on vulcanization was phenyl-6-napthylamine 
(PBN), and here the small reductions of tensile strength and modulus due to 
the addition were counteracted by an increase from 3 to 3.5 per cent in the 
T.B.P. dosage. The action of P.B.N. was studied in a 5 per cent zine oxide 
compound, a 20 per cent calcium silicate compound and a 30 per cent Frantex 
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compound, each with 3.5 per cent of T.B.P. (Table VII), and the results show 
that the bad aging of the zine oxide compound is successfully checked and that 
improvement to a good level is obtained with the calcium silicate compound 
In the case of the Frantex compound, there appears to be little difference in 
behavior, owing to the presence of the antioxidant. 
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2,2-pI-(TERT-BUTYL PEROXY) BUTANE (2,2-PB) CURES 


Vulcanization characteristics of 2,2-PB in gum compounds (Figure 9) 
show that, although the general behavior is similar to that of T.B.P., the rate 
of cure is faster, and only 2.5 per cent of 2,2-PB is required to give optimum 
tensile strength. 

Vulcanizate brittleness at elevated temperature is common to both 2,2-PB 
and T.B.P. 

Table VIII summarizes the properties of vulcanizates cured to optimum 
tensile strength. Heat aging proves to be even better than is the case with 
pK 

Experiments similar to those carried out with T.B.P. showed that phenolic 
materials did not have any beneficial effect on 2,2-PB vulcanizates. Also, 


Tasie VIII 


Aged 14 days 


Unaged at 70° C 
Tensile strength (kg./cm.*) 146 132 
Elongation at break (%) 568 563 
Modulus at 300% (kg./cm.?) 19 21 


vulcanization temperature did not affect physical properties over the range 
studied (120—150° C) 

As was the case with T.B.P., the incorporation of various carbon-blacks in 
2,2-PB compounds produced compounds of no technical merit. 


CONCLUSIONS 


An investigation of several organic peroxides has so far revealed only two 
with any technical potentialities. These two materials, tert-butyl perbenzoate 
and 2,2-di-(tert-butyl peroxy) butane, both produced pure gum vulcanizates 
with a high degree of transparency and good heat aging. In the case of the 
former material, improvements of properties were effected by the incorporation 
of resorcinol or B naphthol. Otherwise no ancillary chemicals were required 
for vulcanization. 

A serious disadvantage of these materials was their lack of ability to produce 
satisfactory black vulcanizates of any type. However, many types of non- 
black fillers can be used up to quite high loadings to give good vulcanizates. 


SUMMARY 


Comparatively few organic peroxides meet the rather exacting requirements 
of the ideal peroxidie curing agent for rubber. Only di-tertiary butyl peroxide 
has yet been found to give satisfactory vulcanization in black stocks. Pure 
gum vuleanizates of a high degree of transparency and good color have been 
obtained with two commercially-available non-hazardous peroxides which have 
also been used successfully with some non-black fillers. The incorporation of 
resorcinol overcomes a tendency to surface tackiness in peroxide cures and has a 
beneficial influence on tensile strength. 
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CHEMISTRY IN CARBON BLACK DISPERSION * 


Bernarp C. Barton, HuGH M. SMALLWOOD, AND 
GeorGE H. GANZHORN 


Genera, Lasoratrontes, Untrep States Rusper Co., Passaic, New Jersey 


The properties of carbon black and their effect on the physical properties 
of rubber vulcanizates have been extensively reported. The importance of 
particle size’, reticulate structure’, and surface characteristics’ are generally 
accepted. 

The beneficial effects of carbon black are believed to be due in large part to 
strong adsorption of rubber molecules on the carbon black surface‘. Many 
investigators have described the physical nature of this adsorption and have 
related it to the surface properties of the carbon black. Chemical bonding 
has also been suggested as being an important factor in the surface interaction 
between carbon black and rubber’. 

The contribution of chemical bonding to the dispersion of carbon black and 
its effect on the physical properties of vulcanizates is the subject of the present 
paper. 

Gerke, Ganzhorn, Howland, and Smallwood® and Bradley’ found almost 
twenty years ago that, when rubber-carbon black mixtures were heated at tem- 
peratures of 275-400° F, vulcanizates prepared from the mixtures had lower 
electrical conductivity, lower hysteresis, lower durometer hardness, higher 
modulus at large deformations, and greater resistance to abrasion than did 
vulcanizates of the corresponding unheated mixtures. These changes were 
ascribed to changes in the dispersion of the carbon black. 

Experimental! data will be presented in this paper which suggest that these 
changes in carbon black dispersion are the result of chemical reactions between 
carbon black and rubber. 


CHANGE IN ELECTRICAL CONDUCTIVITY OF RUBBER 
CARBON BLACK MIXTURES 


In general, the electrical conductivity of a rubber-carbon black mixture in- 
creases, or its resistivity decreases, when it is heated under static conditions. 
The extent of this change is largely dependent on the temperature at which the 
stock is mixed. Low temperature milling (100—-150° F) prior to heating leads 
to high electrical resistivity (log R of 11 to 13 ohm-centimeters for a mixture 
containing 50 parts of MPC black) while high temperature milling (225-250° F) 
leads to lower resistivity (log R of 8 to 9 ohm centimeters). After static heat 
treatment, a log R value of about 7.0—-8.5 is found for mixtures containing 50 
parts of MPC black, irrespective of the temperature of mixing. 

Changes in resistivity of carbon-black mixtures may be either reversible or 
irreversible, depending on the type of treatment. Experimental data illustrat- 

* Reprinted from the Journal of Polymer Science, Vol. 13, Issue No. 71, pages 487-498, May 1954 
This is Contribution No. 134 of the General Laboratories of the United States Rubber Company. The 


mper was presented before the Division of the American Chemical Society at a meeting of the Division in 
™ Angeles, California, March 18-19, 1953. H. M. Smallwood, doomend April 27, 1953 
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ing this statement are given in Table I. A mixture containing 50 parts by 
weight of MPC black and 3 parts of stearic acid per 100 parts of rubber was 
alternately milled for three minutes at 100—-120° F (stock temperature) and 
heated in a mold for five minutes at 285° F. After each operation its electrical 
resistivity was determined. 

In the method used to determine electrical resistivity, a sample one-tenth 
inch thick is placed over a dish three and one-half inches in diameter filled to 
overflow with mercury. A metal tube containing mercury serves as the other 
electrode. This tube has an inside diameter of one and five-eighths inches. 
Electrical resistance is measured on a General Radio Type 544B megohm bridge 
with internal 500 volts d.c. power supply, operated on 110 volts a.c. 

The resistivity values recorded for stocks | to 8 show that the changes in 
dispersion resulting from low-temperature milling and from short periods of 
heating at 285° F are almost completely reversible. After three complete 
cycles, stock number 8 was heated in a mold for 16 hours at 285° F, instead of 
5 minutes as before. Electrical resistivity on stock number 9 treated in this 
manner was similar to stocks 3, 5, and 7, which were heated only 5 minutes and 


TABLE | 


REVERSIBLE CHANGES IN Resistiviry ResuULTING FROM SHORT 
MILLING AND HEATING OPERATIONS 


Stock Log R (ohin- 
no Treatment centimeters) 
1 Rubber-black mixed at 225-250° F 
Stock No. | milled at 100-120° F 
Stock No. 2 heated in mold 5 min. at ‘ 
Stock No. 3 milled at 100-120° F 
Stock No. 4 heated in mold 5 min. at ‘ 
Stock No. 5 milled at 100-120° F 
Stock No. 6 heated in mold 5 min. at 
Stock No. 7 milled at 100-120° F 
) Stock No. 8 heated in mold 16 hours at 285° F § 
) Stock No. 9 milled at 100—-120° F > 13.0 


{ 
I 
11 Stock No. 10 heated in mold 45 min. at 285° F > 13.0 


after remilling, at 100-120° F, stock number 10 was found to have a resistivity 
similar to stocks 2,4,6, and 8. However, when stock number 10 was heated in 
a mold for forty-five minutes at 285° F, a marked difference from the results of 
the preceding treatment was apparent. No change of resistivity occurred 
This result shows that an irreversible change in the dispersion of carbon black 
can be obtained by heating the rubber-carbon black mixture 

In the following sections of this paper, only those irreversible changes in 
dispersion which result from effect of heat treatment will be considered. 

The effect of time of heating at 320° F on the change of electrical resistivity 
of the mixture described above is recorded in Table II. The mixture was pre- 
pared on a two-roll mill at a stock temperature of 225-250° F. The completed 
mixture was sheeted from the mill at this temperature to a thickness of one- 
tenth of an inch. Molds 6 X 6 X 0.10 inch were filled with the sheeted ma- 
terial and heated at 320° F. After cooling electrical resistivity measurements 
were made on the molded samples. They were then remilled four minutes at 
212-225° F, sheeted to one-tenth inch thickness, and again heated in molds 
sixty minutes at 320° F. Resistivity measurements were again determined on 
the reheated samples. 
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Tasie Il 
Errecr or Tre or Heatinea at 320° F on Resistivity 


Log R (ohm-centimeters) 
— 





Time of heating No additional Remilled and reheated 
at 320° F (min.) treatment 60 min. at 320° F 
0 8.] 6.8 
5 6.7 7.7 
10 6.9 8.4 
20 6.9 10.0 
40 6.7 11.9 
60 6.9 > 13.0 


The results in Table II show that, at 320° F, resistivity decreases (con- 
ductivity increases) to a relatively constant value during the shortest period 
recorded. Time of heating in excess of 5 minutes has no additional effect on 
change in resistivity. However, when the heated stocks are remilled and re- 
heated, a permanent change has occurred, the extent of which depends on the 
time of the treatment. 

It is of considerable importance that no method has been found for restoring 
normal resistivity to a stock in which the irreversible change in electrical re- 
sistivity has occurred. 

In the following section, the dependence of the rate of change of electrical 
resistivity on the temperature of treatment and the method of treatment is 
discussed. 


EFFECT OF TEMPERATURE ON RATE OF CHEMICAL 
DISPERSION OF CARBON BLACK 


Treatment under static conditions.—A rubber-carbon black mixture contain- 
ing 50 parts by weight of carbon black and 5 parts of plasticizer (Paraflux) per 
100 parts of rubber was prepared and thoroughly blended in a conventional 
manner (temperature of milling 225-240° F). Portions of this mixture were 
heated in molds at temperatures of 212° to 320° F. Following the heat treat- 
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Fia. 1.—Effect of temperature on rate of chemical! dispersion 
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ment, vulcanization ingredients were mixed into the carbon black mixtures in a 
conventional manner. The compounded samples were then cured for 20 to 
60 minutes at 284° F. Electrical resistivity and other physical properties were 
measured on the cured samples. 

Results of these experiments, showing the effect of temperature on the rate 
of change of electrical resistivity, are shown in Figure 1. 

Although a value of 13.0 for log R is the limit of the apparatus used in these 
experiments, it is reasonable to assume that the results shown here indicate that 
the same resistivity is reached at all temperatures. 

The effect of the temperature on the rate at which the resistivity approaches 
log R of 13.0 strongly suggests that a chemical reaction is occurring between the 
rubber and carbon black. If we assume that the reaction is nearly complete 
when log R of 13.0 is reached, results recorded in Figure 1 show that the time 
of complete reaction varies from 16 hours at 212° F to about ninety minutes at 
320° F. Although the results are not shown in Figure 1, less than five minutes 
are required at 400° F. 
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Effect of temperature on rate of chemical! dispersion 
of cabon black under dynamic conditions 


Reproducible results can be obtained on a given rubber-carbon black mix- 
ture, but are quite variable when mixtures prepared at different times are used. 
This is probably due to difficulty in obtaining the same initial dispersion of 
carbon black in the different mixtures. 

Treatment under dynamic conditions.—A mixture similar to the one used in 
the static treatments shown in Figure 1 was masticated in a size B Banbury at 
temperatures of 248° to 356° F. Dielectrical resistivity and other physical 
properties were determined on vulcanized samples 

Results of these experiments showing the effect of temperature on changes 
of electrical resistivity are shown in Figure 2. A limitation is placed on the 
time of treatment, particularly at the lowest temperature, because of excessive 
breakdown of the rubber under these conditions 

The results of these experiments suggest that, as was the case in the static 
treatment, the same electrical resistivity is reached at all temperatures. The 
broken line showing the course of the reaction during the latter part of the 
treatment at 284° F is for the purpose of indicating an abnormal change of rate 
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This abnormal change was found when excessive break-down of the rubber 
occurred, and is believed to be due to the formation of a product which catalyzes 
the reaction between carbon black and the rubber hydrocarbon. Although the 
scale in Figure 2 is too small to show the effect, mastication for two hours at 
248° F resulted in an increase of log R of 13.0. This change is considerably 
faster than would be predicted. 


KINETICS OF THE RUBBER-CARBON BLACK REACTION 


The effect of temperature on the rate of change of log R shown in Figures | 
and 2 strongly suggests the existence of a chemical reaction which decreases the 
concentration of the carbon black available for conducting an electric current. 

If a reaction is assumed to occur between reactive elements on the surface 
of the carbon black and the rubber hydrocarbon and if the change in log R is a 
direct measure of this reaction, the rate of change of log R can be used to eal- 
culate the activation energy and the temperature coefficient of the reaction. 
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The initial rate of change of log R per hour taken from data shown in Figures 
1 and 2 are related to the reciprocal of the absolute temperature as shown in 
Figure 3. 

From these data the temperature coefficient of the rate of change of log R 
is found to be 1.9 per 10° C increase of temperature. 

By use of the Arrhenius equation, k = Ke~*/*", and considering: 


A (log R) 


| . 
"6 A (hour) 


to be the reaction rate constant k, an activation energy of 18,000 calories per 
mole of reaction is calculated. These results indicate that the change of elec- 
trical resistivity is due to a chemical reaction rather than to a diffusion phe- 
nomenon, which is generally characterized by a much smaller activation energy. 
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It is noteworthy that the activation energy was found to be the same for 
both static and dynamic treatments. 


EFFECT OF POLYMER UNSATURATION ON REACTION 
WITH CARBON BLACK 


Electrical resistivity measurements indicate that the dispersion of carbon 
black in Vistanex, a saturated chemically inert polyisobutylene, is similar to 
that in rubber. However, unlike the behavior of rubber-carbon black mix- 
tures, heat treatment of Vistanex-carbon black mixtures does not effect an 
irreversible change in the carbon black dispersion. Results from which this 
conclusion is drawn are shown in Table III. The mixtures described contain 
50 parts by weight of MPC black per 100 parts of polymer. 

The results shown in Table III suggest that the reaction between carbon 
black and rubber which changes dispersion depends on the presence of unsatur- 
ation. If this is the case, the rate of the reaction should depend on the con- 
centration of olefin double bonds in the polymer. It would be reasonable, 
therefore, to expect the reaction of carbon black with GR-I, which contains 
only a relatively small concentration of olefin double bonds, to be much slower 
than with natural rubber. There should also be a difference of rate between 


Tasie III 
Errect or UNSATURATION ON Reactivity or PoLYMER 


Log R 


ohim-centimeters 
A 


Rubber Vistanex 
Treatment mixture mixture 


1. Mill mixed at 225-250° F a 8.5 
2. Heated 1 hour at 330° F 7 6.9 
3. Heated 16 hours at 330° F 6.8 
4. Treatment No. 2, followed by remilling and heat 

ing 1 hour at 300° F d A 
5. Treatment No. 3, followed by remilling and heat 

ing | hour at 300° F >I: 7.2 


GR-I and GR-I 25, these two materials having different amounts of unsatura- 
tion. 

To investigate the effect of low concentrations of olefin double bonds on 
the rate of reaction between carbon black and polymer, mixtures containing 
50 parts by weight of MPC black per 100 parts of GR-I and GR-I 25 were pre- 
pared in a conventional manner. Portions of these mixtures were masticated 
at 375° F. Electrical resistivities recorded in Figure 4 were determined on vul- 
canizates prepared from the treated mixtures. 

As was expected, the carbon black reaction with the relatively unreactive 
Butyl rubbers was very much slower than with natural rubber. Based on the 
initial rate of change of electrical resistivity, the reaction of carbon black with 
natural rubber takes place nearly twenty-five times as fast as with GR-I. 

A comparison of the rate of change of resistivity indicates that the GR-I 25 
is about 65 per cent more reactive than GR-I. GR-I 25 contains 50-100 per 
cent more unsaturation than does GR-I. 

The changes of dispersion of carbon black affect the physical properties of 
the GR-I vulcanizates in much the same manner as in natural rubber vul- 
canizates. It is reasonable to believe that the reaction of carbon black with 
Butyl rubber is essentially the same as with natural rubber 
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Although results will not be shown at this time, the reaction of carbon black 
with GR-S is similar in rate with that of natural rubber, as would be expected 
from its high degree of unsaturation. 


EFFECT OF CHEMICAL REACTIVITY OF CARBON BLACK 


In the preceding section it was shown that polymer unsaturation was needed 
for the reaction between carbon black and polymer. It would be surprising, 
therefore, if the chemical nature of the carbon black surface were not also an 
important factor in its reaction with unsaturated polymers. 

The amount of oxygen occurring on the surface of carbon blacks varies 
greatly from black to black, depending on the method of preparation and can be 
removed almost completely by heating at temperatures above 800° C. 

In order to determine the effect of oxygen on the chemical reactivity of 
carbon black with rubber, two mixtures, one containing 50 parts by weight of 
regular MPC black (oxygen content 2.5 per cent) and another containing 50 
parts by weight of deoxygenated MPC black (oxygen content less than 0.1 
per cent) were heated two hours at 320° F, remilled, compounded and vul- 
canized. The difference in electrical resistivity is shown in Table IV. 


Tasie IV 
Errecr or OxyGen on Reactivity or CarBon Buiack 
Log R (ohm centimeters) 


Deoxygenated 


Channel channel 
black-rubber black-rubber 
Treatment mixture mixture 
1. Conventional mixing 8.1 6.7 
2. Treatment No. 1, followed by heating 2 hours at 320° F 7.4 5.7 
4. Treatment No. 2, followed by remilling and heating 45 
minutes at 285° F >13.0 4.3 


The various mixing and heating treatments shown in Table IV do not result 
in changes of the physical properties of the vulcanizates containing deoxygen- 
ated channel black, whereas heat treatment of mixtures containing regular 
channel black gives pronounced changes in electrical resistivity and other physi- 
cal properties 

Abrasion grade furnace blacks (HAF blacks) contain considerably less 
chemisorbed oxygen, and react at a slower rate than channel blacks. 


EFFECT OF CHEMICAL DISPERSION OF CARBON BLACK ON 
PHYSICAL PROPERTIES 


The physical properties of vulcanizates are affected by the degree of chemi- 
cal dispersion of carbon black, as demonstrated in Figures 5 through 9 and in 
Table V. All vuleanizates contained fifty parts of medium processing channel 
black and were compounded and vulcanized in a conventional manner. 

Results in Figure 5, which are representative of a large number of tests, 
indicate a close relationship between electrical resistivity and hysteresis. In 
the torsional hysteresis test, the logarithmic decrement of the damped oscilla- 
tion of a rubber test-piece is measured*. Different kinds of circles designate 
different temperatures of treatment; O—212° F, @—248° F, ©—2s84° F, 
and @—320° F. 
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Fic. 5.—Effect of chemical dispersion of carbon black on hysteresis (static treatment) 


When chemical dispersion is effected under static conditions, changes of 
hysteresis are independent of the temperature of treatment. This is not the 
case when dynamic treatment is used because of excessive breakdown of the 
rubber at relatively low temperatures. At elevated temperatures where 
relatively little breakdown of rubber occurs during the treatment, a relationship 
is found which is similar to that found for the static treatment. This is shown 
in Figure 6 for Hevea rubber masticated at 356° F and for GR-I masticated at 
375° F. 

The effect of chemical! dispersion of carbon black on hardness of Hevea and 
GR-I vuleanizates are shown in Figure 7. Static treatment was employed for 
Hevea and dynamic treatment for GR-I. 

The effect of chemical dispersion on the stress-strain properties of a Hevea 
rubber vulcanizate is shown in Figure 8. Modulus is decreased at strains less 
than about 150 per cent elongation and increased at strains greater than this 
amount. 

Since bound rubber is so greatly affected by the extent of breakdown of 
rubber’, only results from static treatments are shown in Figure 9. The circles 
have same meaning as in Figure 5. It is apparent that the increase of bound 
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Fig. 8. —Effect of chemical dispersion of carbon 9.—Effect of chemical dispersion of 
black on stress-strain characteristics earbon black on bound rubber 


rubber is a function of the extent of chemical dispersion of carbon black and 
does not depend greatly on the temperature of treatment. The time to reach 
the maximum amount of bound rubber is, of course, considerably greater at 
212° than at 320° F. 

The change of physical properties which occurs when chemical dispersion is 
carried to completion is shown in Table V. 

Two master batches were prepared in a conventional manner, one contain- 
ing fifty parts, the other seventy-five parts of MPC black. Each mixture was 
separated into three parts. One part was given no heat treatment, the second 
was heated in a mold for four hours at 320° F, and the third was masticated for 
ten minutes in a B Banbury operating at 50 r.p.m. and controlled to maintain 
a stock temperature of 365° F. Compounding materials and additional rubber, 
when required, were added subsequently in a conventional manner. 

These results indicate that the changes of physical properties resulting from 


TABLE V 
Kvrect or Heat TREATMENT ON PuysIcaL PROPERTIES * 


Black content during treat- 

ment 50 50 50 75 75 75 
Type of treatment None Static Dynamic None Static Dynamic 
Tensile strength at break (Ib. 

per q. in.) 3800 3650 3500 3900 3700 3600 
Stress at 300% elongation 1785 2075 2025 1900 2000 2100 
Laboratory abrasion rating 100 130 130 100 130 130 
Durometer hardness 64 58 56 62 58 58 
Torsional hysteresis 0.26 0.12 0.11 0.22 0.11 0.11 
Rebound 51 57 60 56 60 62 
Log R 68 >13.0 >13.0 78 >13.0 > 13.0 
Mooney viscosity (ML-4 at 

212° F.) 64 18 38 63 53 50 


* Vuleanizates were cured 40 minutes at 284 





CHEMISTRY OF CARBON BLACK DISPERSION 211 


heat treatment are essentially independent of the method used if precautions 
are taken to prevent excessive breakdown of the rubber hydrocarbon during 
the treatment. Little or no difference in the dispersion of carbon black in the 
different compounds was found with the electron microscope 


POSSIBLE NATURE OF REACTION BETWEEN CARBON 
BLACK AND RUBBER 


Although carbon black is usually considered to be chemically inert, several 
investigators have shown that its surface contains many reactive groups 
Johnson”, as early as 1928, showed that carbon blacks contain oxygen, hydro- 
gen, and other so-called volatile components. Reactions of Grignard reagent 
with carbon black suggested to Villers'' that groups such as —OH OOH 


COOH, and '=Q(O are present on the surface of the black. 

Smith and Schaeffer” 
of substantial amounts of aldehyde, carboxyl, and hydroxyl groups. 

Stearns and Johnson” have presented evidence that a carbon black particle 


report that emission band spectra show the presence 


is a disordered agglomerate of polymeric benzenoid type molecules which con 
tain around their perimeters various functional groups including short un 
saturated hydrocarbon chains. 

Carbon black which has been reduced with ferrous ion regains its original 
state of oxidation on standing in air’. The same amount of ferrous ion is re- 


quired to again reduce it. This reaction suggests the presence of quinone 


groups on the surface of the carbon black. 

Quinones have been shown to be effective vulcanizing agents for natural 
rubber'® and of the various functional groups present on the surface of carbon 
black seem to offer the greatest possibilities for chemically bonding carbon black 
to rubber. 

SYNOPSIS 


Heating rubber-carbon black mixtures at elevated temperatures gives vul 
canizates with lower electrical conductivity, lower hysteresis, lower durometer 
hardness, and increased abrasion resistance. These changes are apparently 
the result of chemical reactions between carbon black and rubber, which alter 
the dispersion of the carbon black. Data show that the basic factors effecting 
these changes are the chemical reactivities of the carbon black and the polymer 
and the time and the temperature of treatment 
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INFRARED ANALYSIS OF ISOMERIZED, VULCANIZED, 
AND OXIDIZED NATURAL RUBBER * 


G. SALOMON AND A. CHR. VAN DER SCHEE 


Rusper Founpation, Deirr, NeTHeRLANDs 
INTRODUCTION 


This paper is a continuation of our study on the infrared spectra of natural 
rubber and its derivatives'. It was found previously that, in certain reactions 
of rubber, the original double bond (1) is shifted to the side group (II) and that 
this leads to significant changes in the chemical and mechanical behavior of the 
polymer. Others’ have also reported the occurrence of groups (IL) and (III 
in rubber and certain rubber derivatives. Group (II) is also found in synthetic 
polyisoprenes as a result of 3,4-polymerization’ 


CH, 


CH.—CH—CH=CH 
(II) (IIT) 


We have now measured the intensities of the absorption bands of the rubbe: 
spectrum and changes produced by cyclization and isomerization. Certain 
statements on the formation of (I1) and (III) during vulcanization were at 
variance with our experience, but a detailed investigation cleared up some 
misconceptions. 

Modifications brought about by oxidation are chemically related to those pro 
duced by sulfuration reactions. A classification of oxidation reactions, based 
on typical changes in the infrared spectrum, will be proposed in the discussion 


EXPERIMENTAL 


Measurements were made on a Perkin-Elmer single-beam 12 C infrared 
spectrometer, equipped with a rock salt prism, at the Laboratory for General 
and Inorganic Chemistry of the University of Amsterdam. When taking the 
different types of spectrometers into account, the results for rubber expressed 
in absolute intensities agree well with the accurate measurements of Hendricks‘ 
Quite recently Richardson and Sacher*® have reported in this journal extensive 
measurements on carbon disulfide solutions of polyisoprenes, and our results 
are also in reasonable agreement with their values 

Films from latex were prepared by evaporation on glass and measured as 
unsupported films on a metal frame. Solid rubber was dissolved in chloroform 
and the film prepared directly for measurement on a rock salt plate 

The extinction coefficient k was derived from the transmission 7 and the 
thickness d as usual’. k varies between 10 to 200 for rubber, but polar groups 
enhance the value of k. In that case a good spectrum can only be obtained by a 
reduction in d, which possibility is practically limited. Uncertainties due to 


* Reprinted from the Journal of Polymer Science, Vol. 14, lasue No. 74, pages 181-191, August 1954 
This paper is Communication No. 251 of the Rubber Foundation 
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irregularities in d are partly eliminated by the application of an internal 
standard®. An extensive example is given in Table I. 

We have previously reported' some internal standards. The CH;/CH, 
ratios we now find are considerably higher, but this is due to the superior, new 
infrared analyzer, which has much less stray radiation. 

The films were made from rubber of ordinary trade quality. The cyclized 
rubber referred to in Figure 1 has been prepared with HF as a catalyst. 

The term “isorubber’’ is used, in accordance with the original concept of 
Harries, for isomerized rubber with essentially unchanged degree of unsatura- 
tion. Isorubber has been prepared by heating rubber hydrochloride, after 
removing all traces of oxygen, in vacuo for 16 hours at 150° C in the presence of 
solid NaOH. The chlorine content was thus reduced from 30 to 5 per cent. 





csc CH, RAC#CHy RRC#=CHR 
| CHI i 
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Fie. 1.—Changes in the spectrum of natural rubber caused by cyclization and isomerization. 


Heating in air or in neutral solvents or in organic bases also leads to the forma- 
tion of isorubber, but such films show more scattering and less details in the 
infrared spectrum. 


THE SPECTRUM OF NATURAL RUBBER 


Rubbers from seven different sources with varying quantities and types of 
impurities have been studied. Absolute intensities as well as relative values, 
calculated from internal standards, are recorded in Table I and Figure 1. 

The weak absorption at 1550 cm. (1st column) is typical for a COO 
group. The absorption might be caused by proteins and amino acids, in fact 
it is weaker for deproteinized crepe. It has been assumed’ to be due to the 
fat acids in rubber ; however, they are essentially present as free acids in raw rub- 
ber and therefore not ionized. 


i 


The 1660 em.' band (2nd column) is produced by the C=C stretching 





cg 
19 
69 
6F 
¢9 
89 
ze 
¢¢ 


Ssol 
Q 


peynueptu i] 
—_ ~— a 
y) UOT OUNXe aynjosqy 
Hadad nyY TWHoLy VY dO WNOBLadsS aguvuany 


[ @1aVy, 


ZL 
~ 
A. 
~ 
= 
x 
_ 
2. 
~ 
=~ 
ne 
joo 
~ 
A 
~ 
iss 
~ 
Lr 
— 
TR 
— 
< 
Z. 
<a 
~ 
ba 
= 
a 
=< 
< 
~ 
& 
me 
Z. 
_ 


ie 


plegqni J 
ON J04Ng 
‘ON adap 


¢ Rd xaqVe'T] 
oXO} 8] 


UID “JOQUINU OAR Y 
JUCTIUFISSY 





216 RUBBER CHEMISTRY AND TECHNOLOGY 


vibration. Unfortunately, water and CO, bands are superimposed on the 
absorption of the polymer in this region; it is, therefore, not surprising that 
large variations of the absolute intensities are apparently found. 

The three bands at 1130, 1085, and 1040 em.~' (columns 5, 6, 7) are not yet 
definitely identified ; in principle they might be useful as an additional internal 
standard. Sutherland and Jones* assume that the 1130 em. band is an in- 
plane deformation motion of the methyl group, while Saunders and Smith® 
interpret it as a wagging motion of the CHe group. 

There is no doubt left about the assignment of the 835 em.~' band (column 
9) to structure I, but the identification® of the weak absorption at 890 em.! 
(column 8) with structure II is less eonvincing. This absorption in the 11 yu 
region has been found in all samples, it would correspond to 3-6 per cent of 
structure IJ. Richardson and Sacher’ also found a small increase in the ab- 
sorption at 887.5 for the cis-1,4-polyisoprenes, which is absent in the trans-1 ,4- 
polymers. Additional chemical evidence is needed here. 

The ratio of the 1375 to the 1450 em.~' band, corresponding to CH; and 
CH, groups, has been used® as a measure for variations of the CH; content of 
polythenes. It is fairly constant for the series of rubbers (column 10). It 
should be mentioned here that saturation of the double bond mostly leads to an 
increase of this ratio above one. As the number of CHe groups is actually in- 
creased by addition of Hz or of HX compounds to the double bond, the change 
in the ratio is opposite to the expected direction. This means that the absolute 
intensity of the CH, absorption band is influenced by the structure of the 
molecular unit. 

The constancy of this “internal standard’’, the CH;/CHp, ratio, proves, on 
the whole, that inaccuracies due to light scattering, variations of film thickness, 
and impurities in the rubber do not influence the shape of the rubber spectrum 
(Figure 1) 


CYCLIZED RUBBER 


Cyclization can be produced by the action of various generalized acids either 
in solution, in latex, or with the solid rubber. All films from cyclized rubber 
show much light scattering; therefore, only rough estimates are possible. <A 
typical spectrum is reproduced in Figure 1. 

We shall now discuss the analytical significance of these data, which are in 
agreement with those of previous authors’. 

The ratio of the CH;/CH, bands is about 0.87, i.e., distinctly higher than 
that for rubber. The absorption in the 6 uw region indicates oxidation which 
overshadows the double bond frequency. Structure I in the 12 uw region has 
completely disappeared. A strong new band at 765 cm.~' might be due to the 
methyl! group, now on a saturated ring or chain section. 

It is tempting to assign the 885 cm.~' band to a double-bond structure IT, 
but we have found that it survived ozonization of this polyme1 tecently 
Francis” reported a 890 em.~' band typical for the cyclohexyl group. Similar 
absorptions in the 11 yw region of polyisoprenes may, therefore, have different 
origins, depending on the degree of cyclization and the mode of preparation 


ISORUBBER 


In contrast to the meager results for cyclized rubber, convincing proof of the 
formation of the double-bond structure II was obtained for isorubber. Not all 
methods of preparing isorubber from rubber hydrochloride yield the same 
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spectrum. The one reproduced in Figure | refers to an isorubber prepared 
under mild conditions in the absence of oxygen. The original structure I is 
still present at 835 cm.~', but a much stronger band has now been formed at 890 
em.~', which is due to structure II. Our value of 890 cm.~' is in excellent agree- 
ment with Richardson and Sacher’s value® of 887.5 + 3 cm.~' for the 3,4-addi- 
tion of synthetic polyisoprenes and corresponding low molecular olefins. Tak- 
ing known facts about the absolute intensities of these two bands into account, 
it can be estimated that I and II are present in roughly equal quantities. This 
result is also in good agreement with a recent study on the formation of iso- 
squalene from squalene hexachloride". 

The absorption in the 6 yw region is also ver)\\Mtrong. The main band at 
1645 cm. corresponds to structure II, but a shoulder at 1665 em. (visible on 
the original record) indicates the presence of structure I. Richardson and 
Sacher*® also report a doubling of the carbon-carbon double bond stretching 
modes for synthetic polyisoprenes. 

We have shown previously! that the absolute intensity of the 6 uw band is 
enhanced by structure II. Even taking this fact into account, the high inten- 
sity of the 6 uw band in Figure 1 would formally suggest an increase of the total 
amount of unsaturation. As this is excluded by chemical arguments, it indi- 
cates that quantitative conclusions are limited by an accumulation of experi- 
mental errors’, 

VULCANIZED RUBBER 


The cross-linking of rubber by vulcanizing agents affords less than | per cent 
change in the original rubber structure. The infrared spectrum should, there- 
fore, not be affected by vulcanization. Observable differences indicate rathe: 


the occurrence of side reactions, which do not necessarily produce cross-links 
Modern vulcanizing mixes contain only between 1—3 per cent sulfur. Within 
these limits, the rubber spectrum is scarcely changed at all®. Sheppard and 
Sutherland’ have studied mixes with 10-28 per cent sulfur yielding semisulfur- 
ized and fully sulfurized ebonite. Here double bond shifts are observed ; more 
remarkable still is the residual unsaturation of ebonite. We can confirm these 
results. 

We found that vulcanization with H,S + SO, (Peachey) leaves the spec- 
trum unchanged. Reaction with 15 per cent of diazoaminobenzene leads to a 
strongly cross-linked product, but the only observable change in the infrared 
spectrum is a weak band at 1604 em.~', due to the aromatic groups from the 
catalyst. 

Vulcanization with S2Cl, leads to new bands at 970 and 890 em. according 
to Sears’. Thompson” confirmed this and reported another band at 785 
cm.'. We have repeated these measurements, and wish to amend their con 
clusions as follows. S2Cl, is a chlorinating and a sulfurizing agent. A short 
interaction with liquid 8,Cl, or prolonged exposure to SeCl, vapor at 20° C is 
sufficient to produce cross-linking. About 3-4 per cent sulfur and not more 
than 0.6 per cent chlorine are bound chemically by a rubber, which has already 
undergone cross-linking. However, changes in the spectrum are still negligible 
(see Table II). If, however, the cross-linked rubber is exposed to vapors of 
S2Cl, at higher temperatures, a compound containing about 30 per cent sulfur 
and 12 per cent chlorine is finally formed. This rubber derivative has a differ- 
ent infrared spectrum (Table II). The original structure I is isomerized to II 
(890 cm.~'), as in chlorination and also to III (970 em."), as in sulfuration 
The new band at 785 cm." is presumably due to the chlorine atom. We con 
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clude that proper cross-linking of rubber with S2Cl, will not cause changes in the 


infrared spectrum. 


Incidentally, the analyses of vulcanizates reported in 


Table IT, and similar unpublished results obtained by us, show that vulcaniza- 
tion with SoCl. is not a stoichiometrio reaction, as was suggested by Meyer and 


Hohenemser". 


aims of this paper. 


This argument is, of course, beyond the scope of the analytical 
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2.—Influence of various oxidants on the spectrum of rubber 


OXIDIZED RUBBER 


D’Or and Késsler™ recently showed that stress relaxation measurements are 
a much more sensitive indicator for oxidative degradation of vulcanized rubber 


than are infrared spectra. 
New information on the 


a study of solid raw rubber and of rubber solutions. 


We can confirm these results. 
course of oxidation reactions has been gained from 
It was found that the 
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amount and type of bound oxygen, which is indicated in the infrared spectrum, 
depends on experimental conditions. 

Thermal degradation of solid rubber with traces of oxygen.—Films of depro- 
teinized rubber were heated in vacuo. The heated vessel was flushed several 
times with pure nitrogen to remove adsorbed oxygen. Under these circum- 
stances, the spectrum of rubber (Figure 2, first spectrum) remains unchanged 
after 4 hours at 235° C or 1 hour at 270° C. 

Traces of absorbed or dissolved oxygen are sufficient to change the spec- 
trum, even at 200° C (Figure 2, second spectrum). A broad OH band is then 
formed at 3500 em.'; the CO band appears in the 6 uw region and overshadows 
the double bond frequencies; the intensity of the 835 em. band (structure I) is 
reduced. 

Thermal and catalytic degradation of solid rubber in air.—While these first 
changes are difficult to follow gravimetrically, drastic losses of weight, as well 
as an altered spectrum, are observed on heating in oxygen. The third spectrum 
in Figure 2 refers to a rubber of which 20 per cent has already been transformed 
into volatile products. Here the CH;/CH, ratio is greater than one; reasoning 
from earlier experience, already mentioned above, this gives some indication for 
a decrease of unsaturation. In fact, no absorption is found between 720-900 
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Fira. 3.—Shape of OH and CO bands in oxidized rubber 
) first phase, (-——) later phase, of oxidation 





em.~'; structure I is, therefore, absent. A very broad band is observed around 
1100 em.~', presumably due to an ether group. Our results are in agreement 
with Cole and Field’s observation'® on rubber heated 24 hours at 100° C. 

The infrared spectrum of a rubber film oxidized in air under the influence of 
ultraviolet light does not differ essentially from that obtained by thermal oxida- 
tion. A third method again yields the infrared spectrum of rubber oxidized 
with air. Rubbone A and C are trade products presumably prepared with 
cobalt linoleate as an oxidation catalyst with 6 and 19 per cent oxygen content. 

Some more conclusions can be drawn from the changing shapes of OH and 
CO bands with increasing degree of oxidation (Figure 3). The 3500 em. 
band broadens and shifts to 3450 cm.~'. This indicates that sufficient OH 
groups are present to form associations. The center of the strong CO band is 
first at 1720 em.~'. It extends gradually from 1700 to 1770 em."'. This indi- 
cates that different groups, such as ketones, aldehydes, and acids, are gradu- 
ally produced by the oxidation process. 

The reaction of rubber solutions with oxygen.—The degradation of a rubber 
solution by air manifests itself by a decrease of viscosity, but has little effect on 
the infrared spectrum of films prepared from such solutions. This is concluded 
from the following series of experiments: 
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(1) Air was bubbled for 1 hour at 20° C and, in a second experiment, at 
65° C through a solution of rubber in benzene. In the infrared spectrum, OH 
and CO bands were absent. 

(2) To a 2 per cent solution of crepe in chloroform, 0.5, 1, 2, and 5 per cent 
copper oleate were added. After standing for 42 days, the viscosity of the solu- 
tions was very low. The spectra showed, however, scarely any change at all. 
Only in the experiment with 5 per cent catalyst, a weak CO band was observed. 

(3) Degradation without any apparent absorption of oxygen has been ob- 
served as well in products of the Rubbone-N type, liquefied rubbers prepared 
by the action of certain chain-transfer agents on solid rubber'®. 

As it is well known that all these solutions absorb considerable quantities of 
oxygen, the unexpectedly negative result demands some explanation. Deg- 
radation takes place through the intermediate formation of hydroperoxides in 
the rubber chain. On standing, or during the preparation of the film for 
analysis, these primary oxidation products are decomposed, with formation of 
volatile products such as H,O, CH.O, and CO,. Within the accuracy of the 
infrared analysis, all the reacted oxygen seems here to be transformed into 
volatile products. 

Reaction with ozone.—-T he effect of 1.5 per cent ozone in air on an unstretched 
film is remarkably slow. At first, only a weak OH band is visible. After 1 


Tasie III 
Specrra OF RuBBER OZONIZED IN SOLUTION 


Intensities 


Assignment CoO () ) I i 
Wave number 
em 45 1720 5 7 102 1000 1375/1450 
0 min. 15 0 0.75 
1 min a) 5 0 0.95 
5 min 300 { & 0.80 
10 min 220 I . . ci 


\bbreviations rong; to, moderate 


hour, a CO band appears, and it does not broaden. ‘This indicates the forma 
tion of a definite CO group and not of a mixture of structures. The 835 em 
band has as vet changed little after 1 hour. 

Air with 2 per cent ozone was bubbled through a solution of 2 per cent rub 
ber in carbon tetrachloride Films prepared after short intervals gave a cleat 
picture of significant changes in the spectrum (Table III and Figure 2 \ 
sharp CO band is formed even after | minute; the intensity of this band goes 


through a maximum at 5 minutes. The groups mentioned in Table III are 


probably due to a decomposition of the ozonides originally present. Unsatura 
tion (structure I) decreases, while the CH,/CHz, ratio increases. The strong 
absorptions at 1090 and 1025 and the moderate band at 874 cm. ' were reported 
previously by Allison and Stanley”. A comparison with the literature” just 


i 


fies, in our view, the tentative assignment of these bands to ether, peroxide 
and epoxide groups. 

It follows from these spectroscopic resuits that the course of rubber deg 
radation which is induced by the polar addition of ozone to the double bond 
differs in principle from that due to the primary formation of hydroperoxide 
by a-methylenic substitution. 
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REACTION WITH BENZOYL PEROXIDE 


A film of rubber with 20 per cent benzoy! peroxide was heated for 10 min- 
utes to 140° C. After extraction with alcohol, a spectrum was taken (Figure 
2). Unsaturation and CH;/CHy, ratio are essentially unchanged. An OH 
group is absent, the CO bond is sharp at 1720 cm.—', as in the case of ozone. 
A series of new bands are recorded in Table IV, together with corresponding 
absorptions typical of aromatic compounds in general, or bands in the spectra 
of benzoy! peroxide and benzoic acid and its ester. It is obvious from Table IV 
that aromatic groups have been grafted on the rubber molecule. 


DISCUSSION 


All spectra of cis-polyisoprenes from various botanical sources*® or from 
Hevea rubbers subjected to different technological treatments (Table I) are 
identical. The accuracy of determination in CS, solutions is distinctly higher 
than our measurements on films; the latter is, however, preferable in the study 
of (partly) insoluble polymers. The only detectable impurity is the 1550 em. 
band of COO™~ groups; it has no analytical value. Neither is infrared analysis 
sensitive enough to determine small quantities of CO and OH groups which 
are mostly present in raw rubber. 


TasLe IV 


ASSIGNMENT OF Aromatic Bonps IN THE REACTION Propuct or RUBBER 
with BenzoyL PEROXIDE 


Wave number, cm 


Rubber Aromatic Ester of Benzoic Benzoy! 
derivative com pounds benzoic acid acid peroxide 
1720 « - 1725 1680 1795 
1605 w 1605 
1271 s 1295 
1178 m L185 
1115 1115 
1098 1098 
1073 1073 
1031 ms 1035 

935 931 


The existence of a weak band in the 11 yw region of rubber has been estab- 
lished. If this absorption is due to small quantities of 3,4-polyisoprene units 
(structure 11), it might be of technological value, in view of the known cross- 
linking tendencies of external double bonds. As means have been found to 
prepare isorubber containing up to 50 per cent of this structure, it is now feasi- 
ble to study the properties of structure II systematically. 

In the field of vulcanization research, the application of infrared analysis as 
an analytical tool is also limited to some special cases. As expected, it proved 
impossible to follow cross-linking proper spectroscopically. The reported 
changes of the spectrum are due to rather trivial side reactions with SeCle. 
In hard-rubber formation, infrared analysis led to the discovery of residual 
double bonds, a result of some practical significance. In view of the recent 
interest in the grafting of polymers, our incidental observations on the grafting 
of aromatic groups from vulcanizing agents illustrate the value of infrared 
analysis in this field. 

The most promising field of application is obviously the infrared analysis of 
oxidation processes. From the multitude of phenomena, at least three types 
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of ultimate reaction products which deserve further study can be distinguished : 
(1) reduction of molecular weight, apparently without addition of oxygen to the 
polymer (e.g., reaction in solution) ; (2) formation of only one type of CO groups, 
followed by the gradual formation of ether and epoxide groups (e.g., reaction 
with ozone and with benzoyl peroxide); and (3) formation of OH, CO, and 
numerous other groups, and a loss of unsaturation (e.g., reaction of solid rubber 
with air). 
SYNOPSIS 


The purpose of this study was to follow, by infrared analysis, double-bond 
shifts and chemical modifications of natural rubber. Accurate determination 
of the original rubber spectrum is facilitated by the use of an internal standard. 
Isorubber, prepared by thermal dissociation of rubber hydrochloride, contains 
about 50 per cent of double bonds in the side groups. Although a similar double 
bond shift is observed in the cyclization of rubber, part of the absorption (in 
the 11 uw region) may be due to ring formation. Vulcanization with accelerated 
sulfur mixtures does not produce changes in the infrared spectrum, unless the 
rubber is transformed into a derivative by overcuring with SeCle or during 
hard-rubber formation. At least three types of oxidation reactions can be dis- 
tinguished spectroscopically: (1) degradation of the rubber (by oxidation of a 
rubber solution with air), with ultimate formation of only volatile oxidation 
products; (2) gradual formation of oxygenated derivatives (oxidation with 
ozone), with a distinguishable structure in the spectrum; and (3) gradual forma- 
tion of an oxidized and more saturated rubber (oxidation of solid rubber with 
air), with less characteristic broad absorption bands 
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INFRARED ANALYSIS OF SOME CHLORINATED 
NATURAL RUBBERS * 


G. SALOMON AND A. CHR. VAN DER SCHEE 


Russer Founpation, Detrr, NeraerLanps 
INTRODUCTION 


In an earlier paper! spectra of polyisoprenes were discussed. In this com- 
munication effects due to the introduction of 1 to 4 chlorine atoms per CsHs unit 
are reported. Since an unlimited number of polymers with such empirical 
compositions derived from isomeric monomer units is conceivable, it seems 
convenient first to compare some prototypes, then to report in more detail our 
experience, which is a continuation of earlier work in this field’. 


PROTOTYPES OF CHLORINATED RUBBERS 


The spectra in Table I and Figure | refer to (1) hydrochlorides from rubber 
or gutta-percha; (2) the adduct of chlorine to the double bond of rubber pre- 
pared by radical-catalyzed reactions; (3) the products from chlorination of 
rubber hydrochloride; (4) the products from chlorination of rubber and of 
cyclized rubber. All processes except the second can be performed, not only 
in solution, but also in latex’, 

Reading Table I and Figure | from top to bottom, the following general 
features emerge. 

The CH, CO, CH» frequencies and the 64 double-bond region (if present) 
are readily recognized and present no difficulties of interpretation. 

The CH; band intensity or, preferably the ratio of the CH;/CH, intensities, 
is about the same for the first three types of polymers, but differs for the fourth- 
type. This is due to the fact that only in the direct chlorination of rubber or of 
cyclized rubber is the methyl group involved and the number of CH; groups re- 
duced. The three polymers with a CH;/CH, ratio of about one are essentially 
straight-chain polymers; the fourth consists of rings interlinked by residual 
sections of the original chain. 

In the region between 7.5 and Ilu, numerous new and typical bands are 
found, but unfortunately most of them cannot yet be assigned to characteristic 
structures. None of the absorptions between 7.5 and |lu shown for products 
with a high chlorine content in Figure | are due only to residual double bonds, 
since they do not disappear completely on reacting these double bonds with 
ozone. The progress of the latter reaction can be measured volumetrically’. 
Moreover new CO frequencies are observed in the infrared spectrum. 

The first spectrum shows a strong absorption at 750 cm.~', which can prob- 
ably be assigned to the methyl group. Hydrorubber has a band at 740 cm."', 
and a similar one is also observed in methylated paraffins. This band at 750 
em.” in the hydrochloride is not due to the chlorine atom, for the bromine atom 
in rubber hydrobromide causes an absorption at the same place. In fact the 


* Reprinted from the Journal of Polymer Science, Vol. 14, pages 287-204 (1954). This paper is Com- 
munication No. 252 of the Rubber Foundation 
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C—Cl frequencies are found at 635, 625, and 565 cm.~' and the corresponding 
C—Br bands, in the hydrobromide, at 605 and 520 em.-'. These C—Cl ab- 
sorptions are in good agreement with results for low molecular tertiary chlorides ; 
the tertiary structure of the C—Cl group is, however, deduced from chemical 
evidence. 


TABLE | 


INFRARED ABSORPTION SPECTRA OF CHLORINE-CONTAINING DERIVATIVES 
or NATURAL RUBBER 


(Wave numbers in cm.~') 


] 2 3 4 5 
Chlorinated Chlorinated . 
Rubber Rubber hydro- cyclized Chlorinated 
hydrochloride dichloride chloride rubber rubber Assignment of 
(28-32% Cl) (87-47% Cl) (39-70% Cl) (52% Cl) (58-68% Cl) bands 
2980 s n 2980 s n 2980 m Cl 
1730* 1735 w n 1735 w* C1 
1650 w* 1640 w 1630 w* C 
1464 8 1448 s 1447 s 1444 8 1445 s, sh CH, bendin 
1430m 1430sh? 14308 . 6 
1380 8 1388 s 1386 8 1385 m 1385 m CH, deformation 


(© stretching 


1310 s 1313 m 
1272 s 1280 s 1270 s 
1265 m 1265 s 
1252 s 1240 8 1245 s 
1215 m 12158 1223 m 1212 s 
1167 w 
1133 m 1140 w 
Unidentified fre 
quencies 
1092 s 1090 w 
1060 m 
1040 w 


970 m 970 m 970 w 
930 w 935 8 930 s 
914 m* 


830 w 


788 8 790 m 796 8 
765 8 765 8 765 8 


745 8 740 8 For probable as- 

685 m 670 m signments to 
640 m C—Cl frequen 
620 « cles see text 
585 w 
530 w* 
515 w* 

Abbreviations: s, strong; m, moderate; sh, shoulder; w, weak w, very weak: *, not always observed 

n, region not measured 


Gutta-percha hydrochloride gives, as expected, the same spectrum; only 
the bands at 874, 838, and 806 em.” are a little weaker. 

From a comparison of derivatives with increasing chlorine content, some 
assignments of chlorine bands in the 13 to 18u region can be deduced. On 
chlorinating the hydrochloride, the original 750 em.~' (CH;) absorption is grad- 
ually replaced by bands at 790, 765, and 740 cm.~' (compare Table I, columns 
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2500 1660 1250 1000 635 7IS 625 S85 em=! 


Fis. 1 Prototypes of chlorinated rubber spectra 
if if 


1 and 3). Similar changes are observed between the rubber dichlorides and 
chlorinated rubbers (compare Table I, columns 2 and 5). 

Taking everything into consideration, one can say that the low-frequency 
side of the spectra is similar for polymers containing 50-70 per cent chlorine, 
while the high frequency side still indicates important differences in CH; con- 
tent and traces of double bonds and of CO groups. 


HYDROCHLORINATED RUBBER 
CH; CH, 


solution 
CH:—C=CH—CH:— - » —CH.—_C—CH.—CH: 
HC! 
(1) (IT) 


| 


| 
HC] | latex solution | HCI 


CH, 


CH:—C—CH:—CH; 


Cl 


I somerization.—-We have previously shown® that the intensity of the 1660 
em.” band decreases during the addition of HCl to rubber in organic solvents. 
Reproducing these experiments, we found for the absolute intensity kye50 = 30 
(rubber corresponding with an intensity of kyee0 = 80) for a hydrochloride con- 
taining 30 per cent chlorine. This band disappears completely on treating the 
hydrochloride with chlorine. It is known that structure II produces about 
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twice the intensity caused by structure I in the 6u region. On hydrochlorina- 
tion of latex, a higher total chlorine content is reached ultimately, and kyg50 is 
very weak or absent. It is, therefore, probable that only during hydrochlorina- 
tion in solution are some of the double bonds first converted to structure IT by 
an allylic shift. 

Oxidation.—Sufficient residual double bonds are left in Pliofilm to induce 
ozone-cracking in the stretched film, analogous to the well-known phenomenon 
in rubber®. The unstretched film is, however, not at all oxidized after an ex- 
posure to 2 per cent ozone during 24 hours. The same material in solution is 
readily attacked by ozone, and a broad CO band appears at 1716 em.". 

The behavior of hydrochlorides from latex is different. The viscosity drops 
on ozonolysis by a factor of 10, but only a very weak CO band becomes apparent. 
Obviously only a small number of double bonds (<1 per cent) was present. 
It is known that such changes of molecular weight have no influence on the 
infrared spectrum’. In both experiments the intensities of the 838, 874, and 
974 cm.~' bands did not change; they are, therefore, not due to double bonds. 

Exposure of both types of films to the actinic light of a fugitometer during 
50 and 100 hours produced a strong CO band for Pliofilm, but only a weak one 
for the hydrochloride prepared from latex. 

Physical changes.—-Burton and coworkers* have recently shown that the 
spectra of amorphous and of crystallized Saran differ essentially. Although 
rubber hydrochloride decomposes near its melting point, it is possible, by the 
addition of softeners, to make a film with an amorphous x-ray diagram at about 
120°C. The infrared spectrum is, however, identical with that of the crystalline 
film. 

Spectra of the stretched film taken with polarized infrared light showed in 
general weaker absorption of the bands for the light parallel to the direction of 
orientation. Only the intensity of a band at 1265 cm.~' increases. Most of 
the vibrations seem to be perpendicular to the plane of stretching. 


RUBBER DICHLORIDES 


A series of products with increasing chlorine content 38.4 and 47 per cent 

chlorine, corresponding with 60 and 85 per cent conversion, respectively, has 
been studied. The original 1660 cm.~! band has disappeared, but a weak band at 
1640 cm.~' is still present. The intensity of the double-bond frequency in the 
12u region is reduced, but it cannot be measured further, since a new band oc- 
cupies the same region. The high intensity of the CH, deformation band at 
1388 em.~' proves that double-bond shifts on a larger scale have not taken 
place. Only a few CO groups are occasionally indicated by a band at 1730 
om. 
Few of the numerous new absorptions (Table I, Column 2) can be identified. 
The 1272 em. band becomes stronger with increasing chlorine content, while 
the weak bands at 585, 530, and 515 em.~' vanish. Those at 640 and 620 em.' 
are likely to be due to chlorine. 

The 970 and 930 cm.~' bands are also found in some of the other chlorine 
containing polymers. It was tempting to assign them to double bonds. They 
are still present after ozonolysis, however, and therefore cannot be due to un- 


saturation. 
CHLORINATED HYDROCHLORIDES 


Products with a chlorine content ranging from 40 to 64 per cent chlorine have 
been prepared, and the following gradual changes in the spectra were observed. 
Starting from Pliofilm, a CO absorption of moderate intensity occurs at 
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1735 em.', and the unsaturation at 1650 cm.~' disappears completely. The 
1464 em.~' CH, frequency diminishes and new CH» bands appear at 1430 and 
1447 em.'. This shift is known from the chlorination of polythene and from 
model compounds. The 1430 em.~' CH, bands seem to indicate the presence 
of >CCl, groups next to the CH, group. It is strong in all chlorinated rubbers 
(columns 3, 4, 5), but absent in dichlorides, which have only > CHCl groups. 
Other bands at 1215, 970, 935, 790, and 740 em. also increase gradually with 
progressing chlorination. 

The original C-—Cl frequencies at 565, 625, 635 cm.~' in the hydrochloride 
fade away while new bands at 665 and 790, 765, and 740 cm.~' can probably be 
assigned as well to vibrations of chlorinated carbon bonds. No absorption was 
found in the fully chlorinated product between 665 to 450 em.~'. 


CHLORINATED RUBBER 


Direct chlorination, either in solution or in the latex phase, sometimes in- 
volves an intermediate oxidative degradation of the macromolecule. Because 
direct oxygen determination is rather difficult, it is essential to scrutinize the 
spectra of fully chlorinated rubber for OH or CO bands. The former are always 
absent, but the latter are a rather sensitive measure for small quantities of 
oxygen, which can give the product undesirable hydrophilic properties. The 
weak absorption at 1735 cm.~', shown in Figure 1 for a product containing 61 
percent chlorine, disappears on further chlorination to 65-68 per cent chlorine. 
Again ozonolysis, followed by a decrease of viscosity, is a sensitive measure for a 
few residual double bonds. These are oxidized, and reveal themselves by a 
weak CO band in the spectrum. 

The typical shift of the CH, band from 1464 to 1445 and, finally, to 1430 
cm.~' is the same as in the chlorination of the hydrochloride. However, the 
intensity of the CH; band at 1385 cm. is weak and, therefore, the ratio of the 
internal CH;/CHg, standard is only 0.4, against a ratio of | for the former 
product. This loss of CH, groups by direct chlorination, already previously 
reported’, is a specific feature of chlorinated rubber. 

Allirot and Orsini® surmize that some of the absorptions in the 8, 9.5, and 11 
pw regions of cyclohexane, hexachlorocyclohexane, and chlorinated rubber are 
due to the common ring structure. To us, this similarity seems an incidental 
one, because straight-chain polymers, such as rubber hydrochloride and poly- 
viny! chloride, have also a strong absorption in the Su region. There seems to 
be no unambiguous spectroscopic evidence for cyclic groups, but the nearly 
identical spectra of chlorinated cyclized rubber and chlorinated rubber are a 
strong argument in favor of the ring structure. 

The four bands at 796, 765, 740, and 670 cm. are identical in products 
prepared from latex and from solution and similar to those found in chlorinated 
hydrochloride ; therefore they are probably due to the presence of C—-Cl groups. 

Some of the unidentified absorptions at 970, 935, and 910 em.~' are some- 
times absent in products prepared from latex 

A change of molecular weight by a factor of 20 did not influence the spec- 
trum. A possible source of errors is the presence of about 1 per cent phenoxy- 
propene oxide, a stabilizer sometimes added to trade products. It causes 
absorptions at 1605, 1496, and 700 em. 


DISCUSSION 


The foregoing experience permits the following evaluation of infrared spectra 
as a tool in structure analysis. 
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(1) Double bond shifts can be followed in the lly region, although ‘‘arte- 
facts” are produced by other skeleton vibrations within the same range of fre- 
quencies. A simultaneous increase of the intensity of the 1660 cm. stretching 
vibration gives valuable indications of the formation of the 3,4-polyisoprene 
group. 

(2) An increase of the ratio of CH;/CHe intensities indicates the formation 
of paraffinic groups to which the CH; group is attacked, while a decrease in the 
intensity of the 1385 em.~' CH; band makes the loss of CH; groups by substitu- 
tion and cyclization reactions probable. In fact, this absorption makes it 
possible to distinguish between chlorinated rubbers of equal chlorine content 
having similar physical and chemical properties, but of different origin and 
structure. 

(3) Comparatively small quantities of oxygen in the form of CO or OH 
groups are readily detected in the spectrum. 

(4) In the 13-18 range, bands characteristic of the presence of chlorine 
atoms in the polymer are observed. The relative position of the bands depends 
on the configuration of the chlorinated groups, but is still incompletely under- 
stood. Although some of these bands, as well as the 7.5—11u region, are helpful 
in identifying polymers by trial and error, attempts to distinguish between 
various chlorinated structures have led to disappointing results 


SYNOPSIS 


Changes in the infrared spectra due to the introduction of | to 4 chlorine 
atoms per isoprene unit in the natural-rubber molecule have been studied. 
Four prototypes are discussed in greater detail: hydrochlorides, rubber dichlo- 


rides, chlorinated hydrochlorides, and products obtained by the direct chlorina- 
tion of rubber and of cyclized rubber. Within certain limits it is possible to 
follow double-bond shifts which occur during the process of hydrochlorination 
or of chlorination. Chlorinated rubber differs from other chlorinated polymers 
with a similar composition by a large reduction of the intensity of the CH, fre- 
quency. Absorptions due to the presence of chlorine atoms are observed in the 
13-184 region, but these bands show little individual differences. Small 
quantities of oxygen in the form of CO or OH groups are readily detected. 
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INTRODUCTION 


Terminology in this field is confused and in need of clarification. In 1945, 
the various types of breakdown of rubber were classified as follows: 


Effect Mechanism Favorable Aging Conditions 


Shallow surface changes 


Skin formation and crazing) Attack by oxygen or Exposure to light 
possible vulcanization 
Discoloration j catalyzed by light 


Frosting Ozone + moisture Unstretched state in humid 
ozonized air 


Chalking Any surface breakdown Depends on various causes 


Deep surface changes 


Atmospheric cracking Attack by atmospheric Exposure in stretched state 
oxidizing agents, e.g., to outdoor atmosphere or 
ozone to ozone 


Surface hardening or Surface oxidation at high Oxygen bomb and particu- 
softening temperatures larly oven aging at 70° C 
or above 
Changes throughout the rubber 
Loss of strength Uniform oxidation Aging at room temperature 


Hardening Probably oxidation, but Oven or bomb aging 
perhaps continued vul- 

Softening canization or polymer- 
ization 


In general, several of the effects cited above occur simultaneously, and may 
contribute jointly to the final result 

General terms, such as aging and weathering, have been used widely, with- 
out any clear definition. Schidrowitz* differentiates between the two terms as 
follows: weathering may perhaps be differentiated from aging by assuming that 
the former describes the effects of attack on rubber by the atmosphere under 
conditions of external exposure, i.e., to sun, air, rain, and wind, whereas the 
latter correlates effects produced in the absence of any continuous or excessive 
external exposure. 

The preceding differentiation is hardly satisfactory. The term aging is 
broader in scope and, in the writer’s opinion, includes all forms of deterioration 
produced by chemical and physical attack. Weathering would be restricted to 


* This paper was presented at the session on rubber at the 27th International Congress of Industrial 
Chemistry, Paris, June 1953. The paper was first published in the Rerue Générale du Caoutchouc, Vol. 31, 
No. 6, pages 470-490, June 1954. As here published, the paper is the original English version of the author 
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aging induced by the action of light, oxygen, ozone, other gases present in the 
atmosphere, moisture, and any combination of these individual agencies, under 
natural uncontrolled conditions. 

This paper is concerned mainly with summarizing present knowledge of the 
chemical and physical processes underlying the macroscopic deterioration dur- 
ing the use of rubber products. Though still largely incomplete, information on 
these processes provides a stimulus for further attack on problems associated 
with rubber deterioration and also provides useful working hypotheses for 
rubber technologists and manufacturers. 

Let us now trace the molecular changes during the history of a rubber 
sample from initial tapping of the latex to its employment in a vulcanized rubber 
article. It has only recently been convincingly shown that rubber is in a 
polymeric form at the moment it issues from the tree*. Fresh latex, in fact, 
contains rubber of extremely long chain length. On storage, with or without 
ammonia stabilization, the average chain length is much reduced, but the rub- 
ber maintains its noncross-linked character, e.g., as shown by its solubility in 
benzene. This, then, is a linear degradation process. Apart from the estab- 
lishment of the phenomenon, nothing is known concerning the nature of this 
degradation. On coagulation and drying at relatively high temperatures, and 
with varied amounts of illumination, the molecular weight further decreases 
This is probably an oxidative process, though it has not been systematically 
studied. The raw rubber is then necessarily stored for several weeks o1 
months before and during its shipment and use by rubber manufacturers. 
During this storage, the rubber becomes harder, e.g., its Mooney viscosity in- 
creases, and it become increasingly insoluble in benzene. The rate of this 
hardening and related gel increase is governed to a large extent by water-vapor 
pressure. The lower the content of water vapor in the atmosphere, the faster 
is the rate of hardening; presumably this is due to the easier loss of water from 
the rubber, whereby the reaction is promoted. Again, this phenomenon has 
only recently been systematically studied‘, and there is still no information 
about the underlying processes. The rubber is then masticated, whereby this 
gel is broken down and the average chain length lowered. The mechanism of 
cold mastication has now been established in general outline as mechanical 
rupture of the chains by the applied shearing forces®. There is much circum- 
stantial evidence from the action of known oxidation-promoting and retarding 
substances that hot mastication is essentially an oxidative reaction, though the 
precise mode of chain scission by oxidation is still a mystery. Finally, cross- 
linking of the rubber by sulfur or by nonsulfur vulcanizing agents and the 
presence of compounds added before vulcanization result in a material in which 
the nature of the subsequent degradation processes are undoubtedly greatly 
changed. 

These latter molecular changes of vulcanized rubber underlie the deteriora- 
tion usually considered as characteristic of rubber. However, from different 
aspects, almost all these molecular changes might be considered as deterioration 
from the previous state. For example, the hardening on storage of raw rubber 
doubtless appears to the rubber grower as a form of deterioration, as does the 
subsequent mastication of his carefully nurtured long-chain molecules. Be- 
sides this extended application of the term, these various reactions all need to be 
understood in chemical terms before a complete picture of rubber history is 
obtained, and it is likely that elucidation of the earlier and less complex systems 
will aid the understanding of the later and more complex systems. In fact, 
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one may safely state that there is little hope of complete elucidation of the 
deterioration of vulcanized rubber without background information on the 
deterioration of unvuleanized rubber. 


DETERIORATION OF UNVULCANIZED RUBBER 


Although raw rubber ages in the sense that it is subject to oxidation, if it is 
stored under correct conditions, it can be kept for years without serious changes 
in its physical properties. It is preferable to keep rubber at a fairly steady 
temperature and to protect it from exposure to light. De Vries® reported that 
most first-grade rubbers remain constant for about a year and then show a 
gradual decrease of solution viscosity, which is the property in which a change 
is first detected. This author found that the tensile strength of cured rubber 
was not altered by keeping the raw rubber for at least four years, and he also 
noted that the time of cure, in general, decreased by some 5 or 10 minutes with 
smoked sheet, but in other cases the time of cure was constant or increased. 
The lower grades of raw rubber do not always have satisfactory storage proper- 
ties. The visible changes which occur are that pale crepe darkens, and if the 
rubber is wet or damp, there is a tendency for mold to form. 

The following agents have been suggested for giving protection against mold 
growth, and are applied either by dipping or spraying; butylated naphthalene- 
sulfonic acid, monoethylsulfuric acid, sodium di-cresyl-phosphate, p-nitro- 
phenol, and dihydroxydichlordiphenylmethane. Some of these chemicals act 
only as retarders and cannot be regarded as true stabilizing agents. Smoked- 
sheet rubber is less prone to mold attack than is pale crepe because of absorption 
of phenolic substances in the sheet during smoking. Unless the rubber is ex- 
posed to attack by mold for several years, evidence indicates that there is little 
deterioration of physical properties. 

The effects of light, oxygen, and ozone on unvulcanized rubber are of inter- 
est, and oxygen-absorption measurements have been used to study the oxidation 
of raw rubber when exposed to light.’ Blake and Bruce found that some com- 
mercial antioxidants actually promote the oxidation of unvulcanized rubber, 
whereas they retard oxidation of vulcanized rubber. For example, unvul- 
canized rubber mixtures containing 2 per cent of phenyl-6-naphthylamine, 
di-B-naphthy|l-p-phenylenediamine, trimethyldihydroquinoline, or phenylphenol 
became tackier than the corresponding mixture containing no antioxidant. 
On the contrary, Blake and Bruce found that sulfur, benzidine, and hydro- 
quinone prevent the development of tackiness. 

Another method of protecting rubber is to incorporate fillers to render the 
rubber opaque; for example, carbon black, zinc oxide, and titanium dioxide are 
effective. This emphasizes that, in any comparison of antioxidants, samples 
should have the same degree of opacity. It was shown by Blake and Bruce 
that, when this precaution was taken, the four antioxidants mentioned actually 
accelerated the rate of absorption of oxygen. It is interesting also to note 
that, whereas the amount of oxygen required to destroy vulcanized rubber is 
roughly one per cent, Blake and Bruce calculated that only about 0.05 per cent 
is necessary to produce tackiness in raw rubber. This agrees with the observa- 
tion that, when tacky raw rubber is vulcanized, reasonably good physical 
properties are obtained. It seems likely that oxidation is confined to the sur- 
face, and that the surface skin formed may protect the bulk of the rubber in an 
analogous way to the protection offered by an oxidized surface skin on vul- 
canized rubber 
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Since Blake and Bruce have shown that commercial antioxidants retard the 
oxidation of vuleanized rubber and yet act as prooxidants of raw rubber in light, 
any satisfactory theory of the oxidation of rubber must explain or at least ac- 
count for this behavior. This paper, and others presented at the 1938 Tech- 
nology Conference in London, convinced many people that there is a funda- 
mental difference between the oxidation of unvuleanized and vulcanized rubber. 
However, to some extent these particular results may have been misinterpreted 

Light-catalyzed oxidation of either unvulcanized or vuleanized rubber is 
difficult to control to the extent that sound quantitative results are obtained. 
The dark thermal oxidation is much simpler, but even so, it has been found by 
Stafford’ that, with raw rubber, the degree of mastication, and the time elapsing 
between mastication and the start of the oxygen uptake measurements are of 
great importance in determining what rate of oxidation will be observed. The 
age and previous history of the raw rubber also are important. Raw crepe 
which has been stored for several months or years is an unsuitable medium 
since the rate of oxidation is so low that differences between antioxidants are 
difficult to measure, even over long periods. In contrast, freshly made pale 
crepe has a high rate of oxidation, and the activity of antioxidants can be 
measured easily if the antioxidants are incorporated in the latex stage. 

The following oxygen-absorption data have been obtained with freshly made 
pale crepe and with a series of commercial antioxidants. In contrast to the 
photooxidation experiments of Blake and Bruce, it will be seen that certain 
antioxidants, for example, pheny]-6-naphthylamine, reduce the dark thermal 
oxidation rate of natural rubber. 


Oxidation rate (% & 10% 
per hr.) at 80° C 


Black 3.18 
Ketone-amine condensate 2.06 
Pheny]-8-naphthylamine 2.10 
Phenol-aldehydeamine condensate 3.76 


In the case of certain synthetic polymers, e.g., GR-S, it is possible to add at 
the latex stage an antioxidant which will function both as an antigelling agent 


in the raw polymer and also as an antioxidant in the final vuleanized product 


In other words, the suppliers of synthetic rubber incorporate chemicals to 
stabilize their product, thereby reducing variations in processing and handling 
generally, and these chemicals are useful to the rubber manufacturer and 
ultimate user, since they also protect the vulcanized products. Suitable 
chemicals will undoubtedly be found for natural rubber 


EFFECT OF OZONE ON UNVULCANIZED RUBBER 


The fact that ozonolysis of raw rubber was used extensively by Harries and 
others proves that ozone will attack raw rubber. Information in the literature, 
however, on ozone attack of raw rubber is scant, but it is interesting that, as 
with vulcanized rubber, the attack is accentuated by the presence of physical 
strains to an extent that visible physical deterioration occurs, whereas, in the 
unstrained condition, no visible attack occurs. For example, as with vul- 
canized rubber, a type of cracking (in this case a crumbling of the surface 
occurs when freshly milled rubber is exposed to ozone. If the milled rubber is 
allowed to stand for, say, | hour, in order to release the milling strains (or if 
the rubber is heated), there is no visible ozone attack, even after prolonged 
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exposure to ozone. The type of surface deterioration produced in milled rub- 


ber by ozone attack is illustrated in Figure 1. As would be expected, exposure 
to ozone is 4 very sensitive test for the presence of strains, and it may find some 


application in checking grain effects in the unvuleanized stage 


PALE CREPE VERY LIGHTLY MILLED 
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VULCANIZED RUBBER 


The aging and weathering of vulcanized rubber are discussed under the 
following headings of the present paper: 


(1) Effect of light and oxygen. 

(2) Effect of heat and oxygen. 

(3) Effect of heat, oxygen, and humidity. 
(4) Effect of ozone. 


EFFECT OF LIGHT AND OXYGEN 


Light-catalyzed oxidation produces an inelastic skin on the surface of 
vuleanized rubber, particularly in the case of white or nonblack compounds. 
As the inelastic skin thickens, the surface of the rubber cracks in random di- 





Fie, 2 


rections and forms a pattern, known as crazing. The rates at which the skin 
thickens and crazing deepens become steadily slower, for the underlying rubber 
is protected against light by the skin itself. These effects, therefore, are gener- 
ally confined to a fairly thin surface layer in nonblack compounds, and are 
negligible in black articles. 

The above effects are found with thick articles, and further phenomena have 
been noted with very thin articles, such as thin rubber proofings. The term 
light stiffening has been used® to describe the increase of the bending modulus 
of thin sheets of rubber which occurs by exposure to light and air. It seems a 
reasonable supposition that light stiffening corresponds to the initial stages of 
the formation of the inelastic skin. If this view is correct, any measure which 
provides protection against attack by light-catalyzed oxidation will delay or 
prevent skin formation, crazing, and light stiffening 





LT so 
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Newton and Wake conclude that the only efficient way of preventing light 
stiffening is by means of antioxidants and deactivators; a secondary method is 
protection against light. Precise data on the utility of antioxidants as pro- 
tective agents against light-catalyzed oxidation are lacking in the literature, 
and it is insufficiently appreciated that all antioxidants are not necessarily 
effective. 

The choice of antioxidant is governed first of all by the fact that, since this 
type of deterioration occurs in nonblack compounds, the antioxidant should be 
nonstaining or should stain only slightly. Staining antioxidants may appear 
to give some protection, but this is, at least in part, due to the antioxidant stain 
providing protection against light. Outdoor exposure tests at Blackley, with a 
range of suitable antioxidants at concentrations of | per cent in the following 
base mix, have shown that both Nonox-EX and Nonox-NS8 provide protection 





with Nonox-EX superior to Nonox-NS. The degree of protection provided 
after 43 weeks’ exposure can be assessed from Figures 2 and 3, which illustrate 
the blank control and vulcanizate containing | per cent Nonox-EX. 

The base mix was: 


Pale crepe 100 
Zine oxide 10 
Blane fixe 75 
Stearic acid l 
Titanium dioxide 10 
Sulfur 2 
Zine diethyldithiocarbamate 0,375 


Cure; 12 min, at 125° C 
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The antioxidants examined included phenyl-8-naphthylamine, phenyl-a- 
naphthylamine, Nonox-B, Nonox-HFN, Nonox-NS, Nonox-NSN, and No- 
nox-CC. 

Newton and Wake point out that light stiffening would be almost completely 
prevented if proofings were exposed only to light at the long wave length end of 
the spectrum, i.e., green, yellow or red light. They suggest that rubber prod- 
ucts be packaged in suitably dyed wrappers. A sounder suggestion is to 


EFFECT OF WEATHERING ON VULCANISED 
RUBBER SHOWING EFFECT OF COLOUR 


ON SURFACE CRAZING (3 YRS EXPOSURE) 


Thy 









Fig, 4 


pigment rubber green, yellow, or red, and the following experiments illustrate 
the value of this suggestion from the point of view of crazing. 

In Figure 4, samples of white, yellow, orange, and blue rubber, originally 
made by J. Haworth and exposed for three years on the Derbyshire Hills, are 
illustrated. Severe crazing, leading to some chalking, is shown on the white 
and blue samples. The orange and yellow samples are vastly superior, and the 
orange is much better than the yellow. The following compositions were used : 


Base Miz: Colors Used: 
Pale crepe 100 Vulcafor Fast Blue BS 
Zine oxide 10 Vulcafor Fast Orange GS 
Blanc fixe 75 Vulcafor Fast Yellow 2GS 
Stearic acid es Titanium Dioxide 
Sulfur 2 
Tetramethylthiuram disulfide 0.375 
Coloring agent 1.8 


Cure: 35 min. at 125° C 


In Figures 5 and 6, a colored scene has been made from the same base mix 
and the only difference is the pigmenting of the rubber. This sample, which 
was made for W. J. 5S. Naunton at least fifteen years ago, has been stored in- 
doors, and also outdoors under glass for periods. The whole color spectrum is 
included, and it will be seen that severe crazing has occurred on the white rub- 
ber. The following colors were used: Vulcafor Red-AS, Fast Orange-GS, Fast 
Yellow-2G8, Green-LS, Fast Brown-B, Fast Blue-BS, Violet-2RS, and titanium 
dioxide. The degree of protection by the various colors is most marked at the 
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long wave-length end of the spectrum. The order of protection is red, orange, 
green, yellow, brown, and blue, with the blue providing only slight protection. 


EFFECTS OF HEAT AND OXYGEN 


The effects of heat and oxygen are normally studied by means of accelerated 
aging tests, such as oven and bomb aging. In 1945, attention was drawn! to 
the many precautions that are essential if results of oven and bomb tests are to 
be capable of simple and satisfactory interpretation. It was pointed out that 
oven and bomb tests can, at best, accelerate only the type of degradation which 
takes place indoors in the absence of light, as in drawer or shelf aging, but they 
can be no guide to natural aging in the presence of either light or ozone when the 
samples are stretched. 

Many workers have pointed out that, in accelerated aging tests at elevated 
temperatures, oxidation occurs only in the outer layer, causing surface harden- 
ing of most vuleanized rubbers and surface softening of unvulecanized rubbers. 
In air at 80° C and above, the absorption of oxygen by vulcanized rubber is so 
rapid in relation to the rate of diffusion that it can penetrate only to a small 
depth before being absorbed, and the center of the sample may be devoid of 
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oxygen. The depth of the outer layer, which is practically constant throughout 
the period of aging, is increased by antioxidants, which reduce the rate of ab- 
sorption, and is decreased by heat, which increases the rate of absorption more 
than the rate of diffusion. Rubber aged in an oven or oxygen bomb is not, 
therefore, homogeneous throughout. A good example of this inhomogeneity 
after aging in the oxygen bomb was recently found with samples of natural rub- 
ber containing copper stearate. A leathery skin formed rapidly on the surface, 
and the rubber had the appearance of complete perishing. This skin, had, 
however, prevented diffusion of oxygen into the mass of the rubber, and the 
strength of the inside core was approximately equal to that of the unaged rubber. 

Reasons were put forward in 1945! for carrying out oven and bomb tests at 
the lowest practicable temperature, and tests have recently been completed at 
Blackley which cover periods up to 6 years of drawer aging, 6 years in an oven 
at 40° C, 3 years in an oven at 50° C, and | year in an oven at 70°C. A white 
base-compound was used, and seven antioxidants were tested in the base com- 
pound accelerated with three different accelerators, viz., diphenyl-guanidine, 
mercaptobenzothiazole, and zinc diethyldithiocarbamate. It is not proposed to 
discuss the results of this work in detail in the present paper, but a few pertinent 
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conclusions are presented. The present author has consistently put forward 
the view that accelerated aging tests have been carried out at too high tempera- 
tures to expect good correlation with aging at room temperature. 

The view! that aging tests at elevated temperatures (above 70° C) were 
really semiservice heat tests was accepted by Technical Committee ISO/TC/45 
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TABLE | 
D1IPHENYLGUANIDINE-ACCELERATED MIXTURE 
Times to produce 50 per cent reduction of tensile strength 


Ratio 
Months poo FH 

Room —————_——— 40°/ 50°/ 

Agent temperature..40°C 50°C 70°C 50°C 70°C 

Blank 4 yrs. 24.5 9 1.1 2.7 8.2 

Pheny]-8-naphthylamine 76 18 2.8 4.0 6.4 

Ketone-amine condensate No. 2 50 15.5 2.25 3.22 6.9 
Phenol-aldehydeamine 

condensate 46 15.5 2.1 2.96 7.4 


of the International Organization for Standardization, which now discriminates 
between this type of test and accelerated aging tests. It is agreed that, in 
semiservice heat tests, the properties should be measured at the same tempera- 
ture as that of the heat test. 

The difficulties encountered in attempts to apply results of accelerated 
aging tests at elevated temperatures in an effort to estimate the degree of deteri- 
oration at another temperature are well known. Various temperature co- 
efficients have been found, and, in the range of 70-125° C, temperature coeffi- 
cients varying between 1.80 and 3.05 per 10° C, depending on the composition 
of the material and the property being measured have been published™. Vari- 
ous warnings are given in the literature that appreciable errors may occur when 
tests are run at one temperature, and extrapolations to lower or higher tempera- 
tures are made, using the same temperature coefficient for all materials. How- 
ever, the assumption is made that the same temperature coefficient applies to 
vulcanizates over a reasonable wide temperature range (room temperature to 
100° C). The results in Table 1 show that this assumption is not justified. 

Table 2 gives the relative order of the mixtures found at the different 
temperatures, with the rating 1 representing the vulcanizate most resistant to 
deterioration. 

Various important points emerge from this summary. The most striking 
feature of the mercaptobenzothiazole mixture is the change of order of the 
blank. It will be seen that, as the temperature is raised, so does the relative 
rating of the blank improve. This is probably due to the fact that all the vul- 
canizates were aged together in one oven at each temperature. At the higher 
temperatures, volatile products can be transferred from the vulcanizates con- 
taining antioxidant to the blank, and this transference may explain the im- 
proved performance of the blank at the higher temperatures. 


TABLE 2 





Merecaptobenzothiazole Diphenylguanidine- 
accelerated accelerated 
"TO - —_— ee | 
Mixture 40° C 50°C 70°C 40°C 50° C eo” C 
Blank 7 5 3 s S 8 
Ketone-amine condensate No. 1 3 } 6 3 3 { 
Phenol-aldehydeamine con- 
densate 5 6 - 6 { 5 
Phenyl]-8-naphthylamine l l 1 l 2 2 
Aldol-naphthylamine 2 2 2 2 l J 
Ketone-amine condensate No. 2 { 7 5 { 5 3 
Phenyl-a-naphthylamine 6 3 4 5 6 6 
Phenol condensate s s 7 7 7 7 














—— 
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With respect to the diphenylguanidine vulcanizates, the relative order is 
much more nearly uniform at each temperature, and the blank is in all cases 
the worst. At the higher temperatures, the rates of deterioration of the di- 
phenylguanidine vuleanizates is approximately twice that of the mercapto- 
benzothiazole vulcanizates. In this case, where the blank deteriorates rapidly, 
degradative products, such as peroxides, are possibly formed from the blank, 
and are transferred to the other vulcanizates. 

One important difference between the aging characteristics of the mercap- 
tobenzothiazole and diphenylguanidine vulcanizates is that the tensile strengths 
of the mercaptobenzothiazole vulcanizates increase significantly in the early 
stages of aging under all conditions studied, whereas there is no definite evidence 
of such an increase for the diphenylguanidine vulcanizates. 

These results indicate that there is danger of contamination between vul- 
canizates even at comparatively low temperatures, such as 50° C, and empha- 
size the need of separate containers or specially designed ovens" for accurate 
work. There is no doubt that the American test-tube method" deserves wide 
study, for many of these difficulties would be overcome by its use. This 
method is the simplest modification of existing equipment. In 1951 the present 
author” suggested that, until such time as suitable equipment for aging different 
vulcanizates individually is available, the following principles for aging test- 
specimens together should be adopted, and the above results and conclusions 
emphasize the need for applying these principles. It was suggested that only 
the following mixtures should be aged together: 


(1) Polymers of the same general type. 

(2) Vuleanizates containing the same type of accelerator and approximate! 
the same ratio of sulfur to accelerator. 

(3) Vuleanizates containing the same type of antioxidant. 

(4) Vulcanizates containing the same type and amount of plasticizer. 


Three cures of each mixture were tested at different aging temperatures. 
These cures comprised an undercure, optimum cure, and overcure. In all 
cases, the undercure showed the best resistance to aging, and the overcure the 
least resistance. None of the antioxidants examined gave any practical pro- 
tection against the deleterious effects on the physical properties of the over- 
cured mixture on aging. Claims made in the literature for phenyl-G-naphthy!- 
amine in this respect were, therefore, not confirmed. The above work is in 
agreement with that of Dawson and Scott, who studied the natural aging for 
five years of an unprotected natural-rubber vulcanizate. On the other hand, 
Harrison and Cole'® found that overcure leads to improvement of the aging of 
GR-S. 

As pointed out earlier, the relative order of the antioxidants was much more 
uniform with the diphenylguanidine-accelerated mixtures, and there was also 
better discrimination between antioxidants. These reasons, in conjunction 
with the fact that aging proceeds more rapidly, probably explain the preference 
that many industrial laboratories have for using diphenylguanidine-accelerated 
base mixes for evaluating antioxidants. 


EFFECTS OF HEAT, OXYGEN, AND HUMIDITY 


Tropical aging involves exposure to light, oxygen, ozone, and humidity at 
higher temperatures than are normally met in northern climates. Surface 
temperatures as high as 100° C have been recorded on the surface of grounded 
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TABLE 3 


Mixture No L.7740 L.7741 L.7742 L.7743 L.7744 
Smoked-sheet rubber 100 100 
GR-5S 100 
Neoprene-GN 100 100 
Sulfur 3 3 2 
Stearic acid 3 3 l 2.5 2.5 
Kosmobile-H M 47.5 50 36 
Zine oxide 5 5 5 ) 5 
Magnesium oxide 5 5 
T.C.P j 4 
Nonox-8 2 2 
Vulcafor-MBT 0.85 0.85 - 
Vulcafor-F 1.6 - 
Pine tar 3 _ 
Time of cure at 141° C (min.) 15 15 60 30 30 


aircraft in Arizona. There is a broad understanding of the effects of light, 
oxygen, ete., on rubber, but there is little scientific information available re- 
cording the effects of these individual factors in the presence of moisture. 
Soden and Wake'® have studied this problem and have compared results of 
tropical exposures at Abadan and Kuala Lumpur with results of Geer oven 
tests at 70° C, and Geer oven tests at 70° C with 100 per cent relative humidity. 
These authors concluded that the difference between moist and dry heat aging 
is one of degree rather than kind, and found that when a factor of 1.85 was 
used to convert the time scales, the dry-heat aging and moist-heat aging graph 
for one mixture fitted on the same curve 


AGEING RESULTS ON NATURAL RUBBER 
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At the end of the last;war, work was put in hand to investigate the effects 
of humidity on the aging of a series of rubbers, and tests were carried out for 
periods extending to two years in an oven at 40° C and in a humidity oven at 
40° C with 75 per cent relative humidity. The mixtures were as recorded in 
Table 3. 
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I'1e. 8.-—Oven and humidity aging of GR-S, 


The results obtained for tensile strength and elongation at break are given 
in Figures 7, 8, and 9. Several points are of interest. First of all, there is a 
marked difference in behavior between the natural-rubber gum stock and 
tread stock. The gum stock retains its level of physical properties through the 
period of two years in both dry and moist heat. The tread stock, on the other 
hand, shows some deterioration in dry heat, but much greater deterioration in 
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the presence of moisture. The initial rate of deterioration is much higher in the 
case of moist heat, but, after the first few months, the rate of deterioration is 
similar to that in dry heat. This means that it is not possible to use a simple 
factor, as suggested by Soden and Wake, to fit the dry and moist heat curves. 
The results with natural rubber suggest that aging in most conditions does pro- 
duce more rapid deterioration, and since the gum stock is relatively unaffected, 
the moisture probably catalyzes attack of the carbon-rubber bond rather than 
catalyzes attack of the double bonds in the rubber chain. 

The elongation data tend to be more erratic, but in this case there does 
appear to be a decrease of the elongation at break, which is accentuated under 
moist conditions in both the gum and tread stocks. There is some evidence 
therefore, that moisture does catalyze the deterioration of gum stocks, but that 
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the effects are much more pronounced and important when fillers such as 
carbon black are present 

It should be noted that neither of the natural rubber vulcanizates contains 
any antioxidant. The GR-S used to make the mix L.7742 already contained 
antioxidant, and 2 per cent of Nonox-S was present in the Neoprene-GN vul- 
canizates. Figures 7, 8, and 9 show that the effects of moisture are less pro- 
nounced with synthetic rubbers than with natural-rubber. These facts are 
merely recorded, since it is impossible, from this limited investigation, to decide 
whether the improved behavior of the synthetic-rubber vulcanizates is due to 
the polymer, or to the presence of antioxidants, or to a combination of both 
factors. 
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It is clear from this work, which was carried out at a lower temperature than 
that used by Soden and Wake, that the relation between dry and moist heat 
aging is not simple, and is worthy of closer study. 


EFFECT OF OZONE 


Considerable confusion existed before 1945 on the subject of the cracks 
which are formed in stretched rubber when exposed to ozone or to an outside 
atmosphere. Much of the confusion was due to the terminology used, for 
terms such as sun-checking and sun cracking imply that actinic light rays play 
some part in the phenomena. The terms persist even today, in spite of the 
fact that van Rossem'’ showed that this type of cracking occurs much more 
readily at night than during the day. Light is not necessary, since light cata- 
lyzes oxidation, and leads to the formation of an inelastic skin, which protects 
against the action of ozone, and thereby merely complicates and confuses the 
results. It may be useful to discuss once more the differences in the appear- 
ance of atmospheric cracking and crazing as they occur in the side-wall of an 
airplane tire. Under the same service and exposure conditions, atmospheric 
cracking and crazing occur side by side, sharply separated by the junction line 
of the two mixtures. In the black portion of the sample shown in Figure | in 
the work of Buist', the atmospheric cracks are roughly parallel, and lie per- 
pendicular to the stress in the side-wall, whereas, in the white portion, crazing 
is in all directions, forming a network. Examination of the sample showed that 
the surface of the white mixture had hardened into a shallow inelastic skin, 
whereas no surface hardening could be detected in the black portion. Figure 2 
in the same work of Buist! shows that atmospheric cracking is more serious, for 
the cracks have penetrated to an appreciable depth, though the depth of 
crazing is inappreciable. 

In 1945, Newton'® published a review of the influence of ozone, and evolved 
a mechanism which was in accord with the observed physical data for both 
crack initiation and crack growth. This review did much to clarify this com- 
plicated field, and its publication was followed closely by another excellent 
summary by Crabtree and Kemp”. These two papers include the best infor- 
mation available on the effects of ozone and outdoor exposure. 

Most of the work done has been concerned with elucidating what happens 
physically during the cracking process. For example, most early workers re- 
ported that the severity of cracking depends on the strain of the surface, and 
appear to pass through a marked maximum ata relatively low strain. It is also 
agreed that, as the surface strain increases, the number of cracks increases and, 
at, the same time, their size decreases. Newton studied the growth of cracks 
and showed that, as a crack grows, the mean surface strain in the region of the 
crack is reduced, and when the mean surface strain is removed, the crack ceases 
to grow. A further phenomenon is that, as certain cracks grow and widen, the 
consequent release of strain may be sufficient to cause the collapse of other 
smaller cracks in the same region. By studying, with the aid of a microscope of 
considerable magnification (about 300), the initiation and growth of cracks, 
Newton was able to explain many of the apparent contradictions about ozone 
and exposure cracking. When the strain is increased from 30 to 50 per cent, 
the number of cracks increases by a factor of at least 10 and, at strains of 
greater than 75 per cent, the number of protocracks is of the order of 30,000 per 
square millimeter. At strains lower than 50 per cent, the number of cracks 
passes through a maximum with time of exposure and then decreases as the 
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smaller cracks coalesce; the higher the strain, the sooner is the maximum 
reached. At about 70 per cent strain, the rate of formation of cracks becomes 
independent of strain. At the ends of each protocrack, there are stress con- 
centrations, and crack formation occurs rapidly as a result of these stress con- 
centrations proceeding in a direction at right angles to the direction of applied 
stress. 

Various theories have been evolved to explain the critical elongation at 
which deterioration is most severe, but none of them can be considered to be 
satisfactory. Ata time when oxygen was thought to be the cause of cracking, 
Dawson” suggested that the optimum tension in the rubber reduced permeabil- 
ity and, hence, oxygen accessibility. Cotton’s view” was that the rubber 
molecule is in its most unstable condition when stretched about 10 per cent. 
Smith and Gough” have recently proposed that a crack commences when a 
number of adjacent molecules carry the stress, and are all attacked by ozone 
at the same time. The exact mechanism by which ozone attack occurs in 
stretched rubber is far from clear. Although it can be postulated that the 
attack occurs at the ethylene linkages, it is difficult to explain why physical 
extension even up to 600 per cent elongation can affect the chemical reaction. 
For example, Williams and Dale” concluded that stretching does not alter the 
vibrational characteristics of the C—C bond until 400 per cent elongation is 
reached, and that even greater elongations are required to modify the C=C 
frequency. One possibility is that the attack is propagated by radical inter- 
change under conditions where even slight extension is sufficient to move the 
free radicals outside their orbit so that breakdown occurs as a chain reaction 
and a crack is formed on a microscopic scale. 

Newton’s geometric theory of explaining the critical elongation takes into 
account the difference of density of the populations of cracks at different elonga- 
tions, and calculates that the final width: 


vS 
(W) = 0.5 


Vv (1+ S)-wvn 


and the final length: 


vS 
(L) = 
V(1+S):vn 


where (W) is the final width, S the surface strain, n the number of cracks and 
(L) the final length. 

He shows that the function: ¥ S/¥V (1 + S)-~ nis constant at high strains, 
increases rapidly at elongations below about 40 per cent, and passes through a 
maximum at about 20 per cent strain. 

Various methods of protecting rubber against attack by ozone have been 
suggested and, although they all have defects, it will be useful to summarize 
the various techniques. The most common method is to incorporate a suitable 
quantity of paraffin wax, e.g., 2-4 per cent, or better still, a microcrystalline 
wax. The wax blooms to the surface of the rubber and forms a continuous 
film, which acts as a barrier to ozone in the atmosphere. This method is satis- 
factory for protecting rubber articles during storage, but the wax film is easily 
damaged or broken in service if the rubber is extended about 25 per cent. The 
method has the considerable disadvantage that, as soon as a break occurs in the 
wax film, cracking proceeds at that point at a much greater rate than in the 
case of an unprotected mixture. Vulcaprene lacquers are very resistant to 
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ozone and have the advantage over a wax film that the lacquers are extensible. 
It is, therefore, more difficult to damage a Vulcaprene film, but it should be 
emphasized that as soon as a defect occurs in the film, cracking progresses much 
more rapidly than with an unprotected mixture. A wax film or a Vulcaprene 
film is impermeable to ozone, but, when the surface film is broken, ozone 
reaches the rubber surface at a point of high strain. The resulting crack grows 
rapidly, since it is unimpeded by the presence of other cracks and, also, there 
is no stress relaxation resulting from other cracks. In other words, these two 
methods of protection can delay the onset of cracking, but as soon as cracking 
does start, it proceeds extremely rapidly, and it would be difficult to prove that 
either method provides any real protection as far as increasing the overall ser- 
vice life of the rubber article is concerned. Nevertheless, the Vulcaprene 
technique is superior to the wax technique, and at the present time is about the 


Fra. 10. 


best available. The protection offered by a Vulcaprene film to a cable com- 
pound is shown by Figure 10, which illustrates a section of unprotected cable 
and a section, coated with Vulcaprene lacquer, after exposure to ozone (con- 
centration 1-2 per cent) for 18 minutes. 


WETTABILITY EXPERIMENTS 


Chappuis” found that, if rubber is wetted with benzene before exposure to 
ozonized oxygen, cracking does not occur, but Fisher obtained a contrary 
result. Other authors® report that cracking is more rapid on a hazy day, and 
attribute this to huinidity. Newton'*® showed that the degree of cracking was 
unchanged if air was first bubbled through water or if the air was dried. He 
concluded that humidity does not play a part in either causing or modifying 
exposure cracking. Since then, however, Newton has found that a film of 
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glycerol does protect rubber against crack initiation. As a result of this work, 
the present author made various experiments to elucidate more exactly the 
effects of a water film. 

A rubber strip, stretched about 50 per cent, was placed in an inverted boiling 
tube and immersed in water, part of the rubber sample being in air and part in 
water (see Figure 11). A similar strip of rubber was stretched to 50 per cent 
and immersed to the same extent outside the boiling tube. Ozonized air was 
bubbled, by means of a sintered glass bubbler, through the water. Cracks first 
appeared on the portion of the sample in air outside the boiling tube. Cracking 
was sufficiently severe to break through the complete thickness of the rubber 
(2.5 mm.) above the water. On removal, a few isolated cracks were observed 
in the portion of the sample below the water. Similar results were obtained 
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with the sample in the boiling tube, but cracking occurred only after much 
longer exposure (twenty times). The volume of water in the bottle was 1000 
ec., and the rate at which ozone was being delivered to the bottle was 300 cc 
per minute. It appears, therefore, that a water film provides protection against 
low concentrations of ozone, but is ineffective against higher concentrations 
Figures for the quantities of ozone which dissolve in water are not known ac- 
curately, but the quantity to produce a saturated solution is probably small, 
i.e., in the region of 50 cc. per 100 cc. of water (0.1 per cent by weight), but on a 
volume basis, this solubility is ten times greater than that of oxygen. 

A further interesting point was noted from these experiments. A short sec- 
tion (1 em.) of the rubber in the air in the region of the water-air interface 
showed no cracking. From repeated experiments, it appears that the region is 
protected by a thin water film. As the vacuum is applied, the water level in 
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the boiling tube falls, and, in the first experiment, about.1 cm. of the test- 
specimen which had been under water was in the air in the boiling tube from the 
time ozone was delivered to the container. In the later experiments, the water 
level in the boiling tube was lowered to a definite mark so that a definite portion 
of the rubber had been wet but was exposed in air during the experiment. The 
results are not entirely conclusive, but do indicate that a water film provides 
protection against certain concentrations of ozone. It is probable that higher 
concentrations lead to breakdown as soon as the thin water film becomes 
saturated with ozone. Further work is required to elucidate the mechanism 
of protection by films. However, the present work is sufficiently precise to 
draw attention to still another variable in outdoor-exposure tests, since moisture 
on the surface of samples may lead to confusing results by giving some protec- 
tion initially, but ultimately may aid breakdown if the concentration of ozone 
in the water is sufficiently high. 

Before leaving the question of water films, mention should be made of the 
frosting of unstretched rubber in the presence of ozone and humidity. The 
characteristic dulling of the surface is clear when one-half of a sample is coated 
with glycerol before exposure to ozone. After exposure, the glycerol can be 
removed, and once again the barrier layer has proved effective. Silicone mold- 
release agents and greases also are effective. 


TABLE 4 


Corvic-HO 100 100 10 
Calcium stearate 2 
Polypropylene adipate —e 
Polypropylene adipate-laurate — 
Polypropylene sebacate - ~— : 
Di-octy! phthalate - . - 
Tricresy] phosphate - - 30 
Butylacety] ricinoleate — - ~ 30 


In the rubber industry, it is an accepted fact that surface films provide pro- 
tection against static exposure, and the search for materials with sufficient 
flexibility after blooming to the surface or after being applied to the surface will 
undoubtedly continue. It is important, however, that the surface film itself 
should not be attacked by ozone when the resulting oxidized product is ob- 
jectionable. A good example is plasticized polyvinyl chloride, which itself is 
not attacked by ozone. Certain plasticizers which bloom to the surface are 
attacked by ozone and produce a tacky surface condition. 

The mixtures containing the plasticizers in Table 4 were exposed flat in the 
unstretched condition to ozone. The samples containing polypropylene adi- 
pate, polypropylene adipate-laurate, and polypropylene sebacate, respectively, 
were satisfactory after 40 hours’ exposure. The samples containing tricresy] 
phosphate and a mixture of butylacetyl ricinoleate and tricresyl phosphate 
were tacky after 24 hours’ exposure. 

To a certain extent, therefore, polyvinyl chloride is the reverse of rubber 
As long as the plasticizer remains in the polymer and does not sweat to the sur- 
face, the polymer acts as the protective agent. 


USE OF ANTIOXIDANTS TO PROTECT AGAINST OZONE 
CRACKING 


Evidence is beginning to be obtained” that ozone attack on rubbers occurs 
by a radical mechanism and, therefore, once the mechanism is elucidated and 
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understood, it should be possible to find chemical agents which will be as 
effective against ozone as present-day antioxidants are against oxygen attack. 
The search for materials which act as physical barriers may still be useful, but 
the ultimate solution must lie in providing chemical and not merely physical 
protection. Various claims have been made from time to time that certain 
antioxidants provide protection against ozone, but few, if any, of these claims 
have been justified by results of service tests. 

In America, increasing attention is being given to this problem, and reports 
of Committee D-11 of ASTM” show that various companies are investigating 
the use of N,N’-di-sec-butyl-p-phenylenediamine, and the reports indicate that 
this chemical imparts marked ozone resistance to GR-S polymers, when tested 
statically. This material is used in high percentage (2-4 per cent), and is not 
so effective in natural rubber asin GR-S. Its high toxicity is one of the defects 
that prevent commercial exploitation, and another disadvantage is its high 
volatility, which reduces its effectiveness under certain conditions. The mech- 
anism by which this weak antioxidant acts in protecting against ozone is not 
clear. Suggestions have been made that the case of oxidizibility of this diamine 
is the main reason for its effectiveness. On the other hand, the author finds 
that the diamine sweats to the surface of the rubber when present in high con- 
centrations, and this chemical may, therefore, owe at least part of its effective- 
ness to the presence of a physical barrier. In this case, however, the physical 
barrier may be superior to that of a wax film in that the barrier layer can be 
readily oxidized and thereby consume ozone. 

Any material which operates, even in part, by providing a physical barrier 
must be evaluated by both a static and a dynamic test, since the resistance of 
the physical barrier to dynamic stresses becomes the limiting factor. Under 
these circumstances, the rubber industry is well advised to be cautious and 
examine its materials by both a static and dynamic test. 


METHODS OF ASSESSING OZONE RESISTANCE 


It is clear from the previous discussion that many factors must be rigidly 
controlled if reproducible results are to be obtained from accelerated ozone 
exposure tests. The design of a suitable ozone test is not simple, but Crabtree 
and Kemp** introduced a suggested method whereby an ultraviolet lamp is 
used as the source of ozone, but the samples are completely protected from the 
light of the lamp. 

Experience in America” and in England® has not been entirely satisfactory, 
and the following difficulties have been listed as points where the method re- 
quires improvement. 


(1) There is lack of close temperature control. 

(2) Control of concentration of ozone in the cabinet is not independent of 
temperature and rate of flow of ozonized air part the test-specimens. 

(3) There is no independent check of the concentration of ozone in the 
cabinet other than the analytical estimation, which is open to question 
on theoretical grounds. . 
The cabinet is made of aluminum, which may cause decomposition of 
the ozone 
There is no purification of the incoming air. 
There is evidence for the change with time of the amount of ultraviolet 
radiation generated by a given ultraviolet lamp and, hence, the output 
of ozone from an ultraviolet lamp will change with time. 
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Other possible sources of variation which are being investigated by various 
workers are the following. 


The effect of different types of clamps used in mounting the specimens, 
specifically types which permit exposure of both sides of the test-speci- 
men vs. those which expose only one side. 
Disturbance of the ozone concentration by frequent opening of the 
chamber for observation purposes. 
Measurement of ozone concentration with test-specimens in the 
chamber vs. measurement with the chamber empty. 

(4) Inaeccuracies in measuring the volume of air during the ozone analysis. 


Much work, therefore, remains to be done before it can be considered that a 
satisfactory static test has been designed. 


Fra. 12 


In addition, even when a satisfactory static test is available, it will still be 
necessary to design a suitable dynamic test. Several such tests have been de- 
veloped in America®, but none of them has been widely adopted 

Preliminary work has been carried out at Blackley, using the roof aging 
apparatus illustrated in Figure 12, where the apparatus is fitted for ring tests 
It should be noted that one of the pulleys is driven continuously, while a revolu- 
tion counter is connected to the second pulley. The whole mounting carrying 
the 24 sets of pulleys is also rotated so that uniform exposure is obtained 

The procedure which we have adopted is to mount the ring test-specimens 
while stretched 70 per cent. The test-specimens are rotated on the apparatus 
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continuously, but at two periods during the 24 hours, the samples are removed 
from the apparatus and allowed to relax. 

A full evaluation of new materials clearly demands examination, not only 
by a static and a dynamic method, but by dynamic methods in which the 
physical conditions, e.g., stress and strain, can be varied through a wide range. 
Until more exhaustive work is carried out with dynamic tests, it is not possible 
to make a definite recommendation. 
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REINFORCED RUBBER STOCKS UNDER THE 
ELECTRON MICROSCOPE * 
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During the past ten years the electron microscope has been an invaluable 
aid in identifying and classifying carbon blacks and other finely divided rubber 
reinforcing agents. Since the majority of these materials falls in the 100 to 
300 A particle size range, observation of discrete particles is possible only under 
the electron microscope, where a resolution of 30 A is possible. 

It is generally accepted that the properties which these reinforcing pigments 
display in rubber, such as direct current conductance, modulus, and shrinkage 
of compounded stocks, is to a major extent associated with both the degree and 
the nature of the dispersion which these pigments attain in the rubber. The 
degree of dispersion considered is that associated with particle-to-particle con- 
tacts rather than the more macroscopic type associated with incomplete 
“wetting” or incorporation of black into the rubber stock. Poor dispersion due 
to incomplete mixing can readily be observed by visual examination of a 
freshly cut surface of the stock, or by observation of an Allen “squeeze out’’! 
of the stock at a magnification of about 400 in an optical microscope. 

To resolve individual carbon-black particles in a rubber stock, however, the 
electron microscope is required. The major difficulty has been preparing 
sections of the required thinness. Owing to the limited penetrating power of 
electrons, these sections must not be thicker than 0.05 micron. This difficult, 
in sectioning rubber was pointed out many years ago by Tidmus and Parkin 
son*, who suggested that the elasticity of the rubber must be reduced tempor 
arily in order to cut thin sections. Freezing the rubber with either liquid air 
or dry ice made it possible to cut sections to 10 microns, using a heavy sled 
microtome fitted with a freezing stage. Ladd and Braendle® later developed a 
special high-speed microtome. In their case the rubber strip was embedded 
in paraffin. A high-speed centrifuge was selected as a carrier for the knife so 
that the maximum cutting speed of the knife was some 230 miles an hour. 


EXPERIMENTAL DETAILS 
Two techniques for preparing films of standard rubber stocks for electron 
microscope examination have been developed in this laboratory. 
(RANSFER TECHNIQUE METHOD 


A rapid transfer technique has been devised for examination of unvuleanized 
stocks, and a microtome sectioning technique for vulcanized stocks. In the 
former, an edge of the stock is moistened with benzene. This tacky edge is 
then quickly pressed down on a Formvar coated-glass microscope slide, and the 


* Reprinted from the Rubber World, Vol. 130, No. 4, pages 507-509, 512, July 1954 


253 





254 RUBBER CHEMISTRY AND TECHNOLOGY 


film with the transferred stock is then stripped from the glass slide on to water 
from which it is mounted on regular 200-mesh specimen grids. The question 
can be raised as to whether or not the dispersion has been altered by this tech- 
nique. The usefulness of the method lies in its simplicity and in the fact that 
it is adequate for the identification of an unknown carbon black in an unvul- 
canized stock. 

It is the purpose of this paper to describe a second, more versatile, proced- 
ure for the examination of reinforcing agents in vulcanized rubber stock. By 


The Minot International rotary microtome equipped with a glass knife (Arrow 
point to brass holder, sample, cutting edge, and glass knife 


means of an ultrathin sectioning rotary microtome, sections of sufficient thin- 
ness to be viewed under the electron microscope can now be obtained. 


MICROTOME TECHNIQUE METHOD 


The technique for the preparation of vulcanized rubber samples for electron 
microscope examination has been patterned after procedures developed in the 
field of biology as, for example, the work of Newman, Borysko, and Swerdlow’, 
Geren and MeCulloch®, and Latta and Hartman*. The technique involves 
embedding in butyl methacrylate. The specimen is suspended in the mono- 
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mer, and polymerization is then carried out. For our application, a thermal 
polymerization technique is used rather than the peroxide catalyst recommended 
by the above authors. Peroxide leads to excessive swelling of the rubber stock 
during polymerization. Consequently peroxide catalysts have been aban- 
doned, and the following embedding procedure has been developed. 

A strip of cured rubber stock approximately 3.0 by 0.3 by 0.3 millimeter is 
suspended in a No. 4 gelatin capsule. Butyl methacrylate monomer, previously 
washed free of inhibitor with 1N Na,CO; and thoroughly dried over CaCle, is 
added ; the capsule is capped and suspended in a circulating air oven. Poly- 


2 “Transfer technique” section of a natural rubber tread stock containing 50 
parts of HPC black. Good dispersion 


merization is brought about by heating the capsule for two hours at 50° C to 
release trapped air and to assure diffusion of the monomer into the rubber stock 
This is followed by heating for about 15 hours at 100° C. If the preliminary 
impregnation step at 50° C is allowed to proceed too far, the rubber will swell 
unduly. On the other hand, a rubber which is more resistant to penetration by 
the monomer may require soaking in butyl methacrylate several hours prior to 
embedding. 

A Minot International rotary microtome’, shown in Figure 1, has been used 
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Fie. 3.—-Microtome section of a natural rubber tread stock containing 50 parts 
of HPC black. Good dispersion 





Fie. 4.--Microtome section of a natural rubber tread stock containing 50 parts 
of a channel black. Poor dispersion 
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for the sectioning. The embedded sample is mounted in a special brass holder, 
and the glass knife® adjusted to allow a clearance angle of about 10 degrees 
This glass knife is made by the proper fracture of ordinary plate glass and 
provides an extremely keen edge. It lasts for about 300 sections and then can 
be discarded since it is low in cost. Using the coarsest feed, one micron, a rib- 
bon of sections is cut, which floats off on a drop of water held to the knife edge 
by a wax crayon line about seven millimeters below the cutting edge. The 
feed is gradually decreased to the finest adjustment, i.e., 0.05 micron. The 
final ribbon of sections is picked up with the tip of a glass filament and trans- 
ferred to a Petri dish of water. The sections are flattened by warming the 


+ Oe A 


Bs 
i 
Fie. 5.—Microtome section of a butyl rubber stock containing 50 parts 
of HMF black and 50 parts of lampblack 


fs 


water to 40°-50° C for 15 minutes. Using a 10 eyepiece, a section may be 
properly centered and picked up on a 400-mesh specimen grid. White paper 
under the Petri dish and good illumination help in mounting the tiny section 

A 50-micron aperture is used in the objective pole piece of the RCA Type 
EMU electron microscope. Care must be taken to increase the intensity 
gradually as the sections tear quite easily under the electron beam. 


RESULTS AND DISCUSSION 


Typical electron micrographs illustrating both the transfer technique and 


the microtome technique are shown in Figure 2 and Figures 3-7, respectively 
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The transfer technique method was used to obtain the micrograph reproduced 
in Figure 2. This is a sample of Spheron 4 (HPC) at 50 parts’ loading in 
natural rubber. The dispersion is extremely uniform. As previously men- 
tioned, it has not been definitely established that this dispersion is character- 
istic of the parent stock because of the treatment the rubber underwent in the 
transfer process. The chief merit of this technique lies in its simplicity and 
rapidity. It is adequate to identify the carbon black in an unvuleanized rubber 
stock. 
Figures 3 and 4 show representative microtome sections of standard tire- 
tread stock. In Figure 3, the Spheron 4 (HPC) carbon black is well dispersed 





Fic. 6 Microtome section of a lignin-reinforced GR-S stock 


throughout the vulcanizate. In contrast, Figure 4, which is a section of an- 
other tread containing channel black, shows a very poor dispersion. 

A section of Butyl rubber stock is pictured in Figure 5. This stock con- 
tained 50 parts of a high-modulus furnace black and 50 parts of lampblack. 
The fact that a mixture of two blacks has been employed in readily discernible. 

The sectioning technique has been applied successfully to rubber stocks con- 
taining reinforcing agents other than carbon black. For example, Figure 6 is an 
electron micrograph of a lignin-reinforced GR-S stock*. It may be noted that 
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the lignin is particulate in nature. The swelling of the rubber specimen was 
particularly marked in this sample. On a volume basis, the strip had swollen 
about 100 times its original size after polymerization of the butyl methacrylate 
For all of the other samples the volume expansion was less than five times the 


original size, i.e., approximately 1.7 times in each dimension. 

Of further interest is the resin-reinforced rubber section’; shown in Figure 7. 
This reinforced rubber was prepared by adding formaldehyde and resorcinol to 
natural rubber latex and then carrying out the condensation to the resin in situ. 
The water was then evaporated from the latex, and vulcanization carried out to 


“i Microtome section of a resin-reinforeed natural rubber stock 


obtain the resin-reinforced rubber. The micrograph clearly shows the original 
natural latex particles surrounded by the small particulate resin particles 
r 


SUMMARY 


A transfer technique and a microtome technique have been developed for 
preparing standard rubber stocks for electron-microscope examination. The 
transfer technique is rapid and simple, and is adequate for the identification of 
unknown carbon black in an unvuleanized stock. The microtome technique is 
more satisfactory in that it reveals clearly the discrete particles of a reinforcing 
pigment as they are dispersed in the rubber matrix 
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MILLING PROCEDURE 
ITS EFFECT ON PHYSICAL PROPERTIES * 


B. J. A. MarTIN AND D. PARKINSON 


Researcn Centre, Duntop Rupser Co., Lrv., Forr Dun top, Birurnonam, Enatanno 


INTRODUCTION 


Until comparatively recent times, the mixing and processing of rubber were 
regarded as operations the steps in which had clear and simple objectives 
Thus, mastication was necessary to enable the rubber to accept powders, mixing 
was needed to incorporate and disperse the powders, and extrusion was required 
to preshape the stock for molding. The only controls effectively applied were 
on plasticity and scorch, essential in these cases because, without them, pro- 
duction flow would be upset. On quality grounds the only other characteristic 
to which serious attention was paid was dispersion of compounding ingredients 
Since quantitative evidence of the dependence of quality on dispersion was 
lacking, however, a process was always subject to modification on the grounds 
of expediency, although dispersion might be made worse 

The appearance of new carbon blacks and synthetic rubbers in recent years 
has led a number of workers to develop processes designed to bring out the best 
properties of such materials. General theoretical considerations would lead to 
the conclusion that, by varying the mixing conditions, it should be possible to 
modify the properties of the vuleanizate. Thus temperature and time of mix- 
ing could be expected to influence the degree of breakdown of the rubber itself, 
the formation and breakdown of carbon-rubber structure, and the chemical 
reactivity of certain materials such as accelerators and antioxidants. A great 
deal of work has, of course, been done in this field and has been reported in the 
literature. Much of it has been devoted either to an examination of the more 
fundamental aspects of the subject or to showing that certain beneficial results 
can be obtained by process variations in the case of a particular material. 

While we ourselves have been working in this field we have also made an 
approach from a third standpoint, namely, that of controlling the quality of 
the product at a uniform level. In all three cases the experimental field is 
much the same, but the emphasis somewhat different. Thus, while we accept 
the fact that certain properties may be enhanced by changes of the mixing 
procedure, we wish to examine the effect on all other technically useful proper 
ties. Again, we wish to know whether the variations which oceur by chance 
or which are made deliberately for reasons of economic or manufacturing ex 
pediency in a normally well managed production unit, are likely to have un 
desirable consequences in the product. For this approach it seems to us par 
ticularly desirable to use experimental units in the laboratory which are capable 
of producing conditions fairly close to those met in actual production. 

Because of the number and levels of factors which may be varied, and, be 
cause determinations of physical properties, are frequently of relatively low 


* An original contribution. This paper was presented before the Division of Rubber Chemistry at the 
126th Meeting of the American Chemical Society, New York, N. Y., September 12-17, 1954 
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precision, a great deal of experimental work is necessary before the whole field 
can be covered. Certain factors obviously call for attention first, and we have 
been able to study variations in some of these fairly thoroughly. The results 
which are now to be discussed, although taken from single experiments, are 
typical of a number of similar experiments and can be accepted as having more 
weight than would be given by a single determination. 

The work described in the present paper has been done entirely with natural 
rubber and has been concerned mainly with the behavior of HAF black tread 
type stocks. The experiments cover a considerable period of time and, for 
this reason, minor differences in formulation of the compounds have occurred. 





EXPERIMENTAL 
MILLING EQUIPMENT USED 


For a greater part of the mastication and mixing work, a No. 1 Banbury and 
a 32 X 12-inch mill have been used. The Banbury is a small standard produc- 
tion unit, with fixed rotor speeds of 38 and 43 r.p.m. High pressure steam 
glands have been fitted to the rotor so that steam up to a pressure of 200 lb. 
per sq. in. (198° C) may be applied. Rotor and casing can be water-cooled. 
The mill has fixed roll surface speeds of 60 and 80 ft. per min., and can be water- 
cooled or heated with steam up to a pressure of 60 lb. per sq. in. (153° C). 

For one experiment it was more convenient to use a GK-4 internal mixer. 
This machine is manufactured by the Baker-Perkins Co., and is based on the 
Werner-Pfleiderer design. It has two horizontally disposed three-wing type 
rotors running at speeds of 56 and 28 r.p.m., with steam and water on the 
jacket. The batch weight is about 2 pounds. 


rESTING 
The essentials of the methods are indicated below: 


(1) Tensile properties. Normal procedure’ BS.903:15/16:1950. Ring- 
specimens. 

(2) Indentation hardness. Normal dead-load ball indentor. B.S8.903:19: 
1950, results expressed as °B.S., which are approximately equivalent to 
Shore-A readings. 

(3) Rebound resilience. Dunlop pendulum, B.8.903:22: 1950 

(4) Abrasion resistance. Dunlop Machine’, wheel-shaped specimen. Con- 
stant speed, slip, and energy transmission 

(5) Tear resistance. Normal procedure, ASTM 0D.624—-48. Crescent 
type test-piece (Die B). 

6) Cut growth. Dunlop method. Rectangular specimen, with molded 
groove in which a cut of controlled dimensions is initiated. The rate 
of growth of the cut resulting from flex bending is recorded. 

(7) Compression set. Normal procedure for constant deflection, A.8.T.M. 
D.412-51T 

(8) Compression modulus. Normal procedure for constant deflection, es- 
sentially as ASTM D.575—46. 

(9) Fatigue test. Dunlop method’. A cylindrical specimen is cyclically 
deflected until internal fatigue failure occurs, the log number of cycles 
being recorded as the fatigue life. Temperature and modulus during 
flexure are recorded. 
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(10) Electrical resistivity. Mullard bridge for resistance below 10° ohms, and 
valve voltmeter for higher resistances. Specimens with molded con- 
tacts. 

(11) Oxygen bomb. Normal procedure BS.903: 13: 1950. 

(12) Mooney scorch and viscosity. Normal procedure (large rotor), except 
that viscosity, taken at minimum point and scorch as time to reach 20 
points above the minimum. Otherwise essentially as B.S.1673:3:1951 

(13) Griffiths plastometer. Extrusion type instrument’. Rubber is forced 
through a small orifice by application of a dead load. Results expressed 
as a function of the time taken for load to move a fixed distance. 

(14) Carbon-black dispersion. Modified method of Parkinson and Tidmus’‘, 
which gives an estimate of the black in agglomerate form above a certain 
size as a percentage of the total black 


EXPERIMENT | 
The dependence of physical properties on the plasticity of crude rubber 


Crude smoked sheet was masticated in the No. 1 Banbury at three tem 
peratures, viz., 120, 160 and 190° C. At each temperature a batch was masti- 
cated to three Mooney viscosity numbers, nominally 60, 40, and 30 (measured 
at 100°C). The premasticated rubber was then mixed to tread and gum type 
compounds and tested, in the case of the vuleanized compounds at the optimum 
cure selected in the usual way from a range of cure times for tensile, resilience 
and hardness properties. The recipes are given below 


Tread stock Gum stock 


Rubber 100 100 
Sulfur 2.5 2.5 
Santocure 0.5 O05 
Stearic acid 2 2 
Tackol 

Zine oxide 5 
Nonox-HFN 

Vulean-3 

Cure 15-50 @ 138.5° C 15-50 @ 138.5° © 


Za 


The properties examined were, in the case of the tread stock, Mooney vis- 
cosity and scorch at 120° C, tensile strength, 300 per cent modulus, percentage 
elongation at break, tensile set, indentation hardness, percentage rebound 
resilience at 50° C, abrasion resistance, tear resistance, cut-growth resistance, 
compression set, compression modulus, electrical resistivity, and tensile proper- 
ties after oxygen-bomb aging (6 days at 70° C, 300 lb. per sq. em. oxygen) 
In the case of the gum stock, the same tests were done except for Mooney, 
abrasion, tear and cut-growth resistance, electrical resistivity, and bomb aging 
An additional test to which the gum stocks were submitted was the Dunlop 
punching fatigue test. 

Those properties which showed definite although, in some cases, small de- 
pendence on temperature and viscosity are plotted in Figure la for the tread 
stock and in pounds for the gum stock. The dependence on Mooney viscosity 
is quite well defined in both compounds. At each temperature of mastication 
and for each compound tensile strength, tear resistance, rebound resilience and 
compression modulus all fall with reducing Mooney-viscosity number. From 
the fatigue tests performed on the gum stock, it can be seen that fatigue resist- 
ance and modulus fall, and running temperature increases as the viscosity 
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number is reduced, while scorch time, determined for the tread stock only 
increases 

The effect of mastication temperature is not definite, although there is some 
suggestion that, for a given viscosity number, there is a progressive change of 
level of properties with change of temperature. That the condition of the 
rubber may be different when masticated at different temperatures to the same 
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hia. 1A. Dependence of physical properties on Mooney viscosity of masticated 
rubber and on temperature of mastication Tread stock 


Mooney viscosity number finds some confirmation from the results of an experi- 
ment made to compare the Mooney with the Griffiths extrusion plastometer. 
The data plotted in Figure 2 suggest that the relationship may depend on the 
mastication temperature. On the whole, from the graphs in Figure 1, it ap- 
pears that a loss of technical properties occurs with increasing temperature of 
mastication except in the case of resilience 
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EXPERIMENT <2 


The effect of order of addition of compounding materials during mixing 

It could be anticipated that certain materials would be chemically changed 
at high processing temperatures. Holbrook and Fitzgerald®, for example, have 
studied the effects with a range of accelerators and have concluded that, with 
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Ita. 1B. Dependence of physical properties on Mooney cosity of masticated 
rubber and on temperature of mastication stor 


certain of them, their activity was affected. Our own practical experience ha 
shown that the inclusion of some accelerators during high-temperature mixing 
results in scorchier stocks. It is customary in such cases, therefore, to hold 
back the accelerator until the end of the Banbury cycle or preferably until the 

f 


rubber reaches the sheeting mill. The possibility exists that the properties of 
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for different mastication temperatures. 
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Fria. 3. The effect on scorch time of adding various materials early in the mixing cycle 
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the stock might be influenced by the order of addition of other materials, and a 
fairly complete study was made with a simple tread type formulation: 


Rubber 100 

Sulfur 2.5 
Santocure 0.5 
Stearic acid 2 

Zine oxide 5 
Nonox-HFN I 
Mineral oil 5 
HAF black 50 


Batches were mixed in the No. 1 Banbury at 120° and 195° C, the cycle time 
being 10 minutes. The order of addition of the four materials, mineral oil (M 
stearic acid (S), zinc oxide (Z), and antioxidant (A), and combinations of them 
was different for each batch. Immediately after adding the premasticated 
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Fria. 4. Dependence of Mooney scorch time on mixing temperature and on order of 
addition of zine oxide 


rubber to the Banbury, these four materials were added singly or in groups a 
follows: O, M, 8, Z, A, MS, MZ, MA, 8Z, SA, ZA, MSZ, MSA, MZA, SZA 
MSZA. They were followed by the black and, after mixing, the batches were 
ejected and sheeted. After maturing the batches were broken down and any 
materials not already incorporated in the Banbury were added on the 32 
12-inch mill in a mixing time of six minutes and mill temperature of 60° ¢ 
Thus in the first batch, O, only the black was added to the Banbury, the 
remaining materials being mixed in on the mill. With the next batch, M 
mineral oil and black only were mixed in the Banbury. The procedure wa 
similar for the other batches through to MSZN, in which al! four materials were 
put into the Banbury before the black and none on the mill. The scorch char 
acteristics of the stocks were determined with the Mooney viscometer at 120° ( 
This experiment established definitely only one effect: that when zine oxide 
is added alone or in combination with the other three materials, mineral oil 
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stearic acid or antioxidant, at the beginning of the Banbury cycle, then, when 
the mixing temperature is high the stocks will be more scorchy 
The results for all batches are given graphically in Figure 3 At a mixing 


gi 
temperature 1%. ’ the batches in which zine oxide was added early in the 
mixing cycle car » readily picked out The average scorch time for these 


batches is 17 minutes, compared with 23 minutes for remaining batches when 


zine oxide was added on a cool mill. For batches mixed at 120° C, the average 
) 


scorch times are 22 minutes when zine oxide is added early and 23 minutes 
when it is added late: 

This indication of the dependence of the effect on the temperature was ex- 
imined further by mixing pairs of batches at different temperatures. In one of 
each pair the zinc oxide was added to the batch at the beginning of mixing, and 
the other at the end, on a cool mill. The results of Mooney-scorch tests at 
120° C are plotted in Figure 4, where it can be seen that, although both series 
show a reduction of scorch time with rise of temperature, the rate increases very 
much more rapidly when the zine oxide is present from the beginning of the 
mixing cycle 


EXPERIMENT 6 


The effect of mixing time, temperature, and masterbatch concentration on some 


technically important properle: 


Using the same total formula given for the previous experiment, HAI 
carbon black masterbatches, which included the mineral oil, were mixed in the 
No. | Banbury over a range of times, temperatures and black concentrations 


us follows 


Cycle times: 6, 10, and 14 minutes 
Rubber temperature: 120°, 150 170°, and 190° (¢ 
Black concentration parts per 100 parts of rubber: 50, 65, 80 


After maturing, dilution with rubber when necessary, and incorporation of 
other ingredients were completed on the 32 & 12-inch mill. Specimens were 
uleanized at an optimum cure of 15-50 at 138.5° ¢ The physical properties 
examined were Mooney viscosity and scorch at 120° C, tensile strength, tensile 
modulus at 100, 300, and 400 per cent, percentage elongation at break, tensile 
set, indentation hardness percentage resilience at 50° C, abrasion resistance 
tear resistance ind carbon black dispersion 
The experimental design was factorial®, the whole being carried out in 
duplicate. Therefore, the three masterbatch concentrations were each mixed 
for the three cycle times, and each concentration at each time was mixed at the 
four temperatures. The arrangement will be clear from the schematic pres- 
entation below 
Black 
concentration 
(Y, of the 


rubber) 
(Cycle time (miu j 10 14 


120 120 
150 150 
170 170 


190) «190 
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I:xcept for Mooney viscosity, significant effects were found only between the 
different factor levels, and then not in all cases. The significant effects were 
presented graphically in Figure 5, to show the average changes of properties 
brought about by varying the level of the three factors As an example, thi 
means that the result plotted for each black concentration will be the average 
of 24 batches 
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Fig. 5. Main effecta on physical properties of masterbatch mixing 
temperature. Time and black proportion 


For increasing mixing temperature, time, and black masterbatch concentra 
tion, electrical resistivity and modulus at 300 per cent (and 400 per cent not 
shown) increase, while hardness and tear resistance decrease, the magnitude 
of the effects being considerable for resistivity and tear resistance. Resilience 
shows no significant effect for changes in temperature and time, but a small 
increase with black masterbatch concentration. Mooney scorch time also is 
only affected by black concentration, being reduced at higher concentrations 

In the case of Mooney viscosity, an interesting differential response was 
noted, according to the levels of temperature and black concentration in the 
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masterbatch. The results are given in the table below which shows the change 
in Mooney viscosity of the final diluted stocks with changes of temperatures of 
mixing and variation in black concentration 


VaRtiaTION IN Mooney Viscosiry or FINAL Srock WITH CHANGES 
or MixinG TEMPERATURE AND BLack 
CONCENTRATIONS OF MASTERBATCH 
Carbon black Masterbatch mixing temperature 


masterbatch 
‘, based on rubber 120°C 50° C 170° © 190° € 


50 46 46 42 37.5 
65 47.5 47.5 47 44 
80) 16 47.5 46.5 44.5 


The data may be summarized in two ways. With 50 per cent black present 
throughout, changes of mixing temperature will produce considerable changes 
of viscosity of the final stock, but as black concentration in the masterbatch is 
increased, effects due to temperature will be greatly reduced. Alternatively, 
it appears that, at high mixing temperatures, a 50 per cent masterbatch will 
give a very much softer final stock than will an 80 per cent masterbatch. 


EXPERIMENT 4 
The electrical resistivity of HAF and conductive channel black 


The following experiment was designed to obtain some quantitative informa- 
tion on the effects of variation in the mixing procedure for HAF and CC black 
stocks. The compounds used were: 


Rubber 100 100 
Sulfur 2.5 8 
Santocure 0.5 7 
Stearic acid 2 

Pine tar 5 
Zine oxide 5 
Nonox-HFN I 
Philblack-O 50 
Spheron-C — 


. 


0 


50 
Cure 15-50 @ 138.5° ¢ 15-75 @ 138° C 


Using the No. 1 Banbury for mixing and an 18 X 8-inch mill for sheeting, 
masterbatches of each black were prepared in two ways: (1) by mixing a 60 
parts black per 100 rubber stock with no other ingredients present, and (2) by 
mixing a 50-part black stock with all other ingredients present except sulfur. 
Mixing was completed on the mill after maturing. Banbury mixing times were 
5, 10, and 15 minutes, and at each mixing time temperatures were 120°, 140°, 
160°, and 180° C. ‘Test-specimens were prepared at optimum cures, as indi- 
cated. 

The experimental arrangement was again factorial, each type of master- 
batch being mixed for three cycle times and each cycle time at four tempera- 
tures. The overall effects resulting from changes in temperature (that is, the 
average effects for three mixing times) and from changes in mixing time (aver- 
age effects for four mixing temperatures) are shown in Figure 6 for each type of 
masterbatch separately 

The differences between the blacks is apparent. CC black shows only a 
small response to changes in the three factors of masterbatch type, mixing tem- 
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perature, and time. With HAF, the effects are markedly greater, increasing 
mixing temperature and cycle time causing appreciable increases of electrical 
resistivity. The HAF results also emphasize the technically important point 
that masterbatch composition can materially affect the ultimate electrical 
resistivity of the vuleanizate. Analysis brought out a further difference be- 
tween the two blacks. With CC black, the relatively small changes which 
occur with changes of time and temperature are almost independent of the level 
of these two factors. With HAF, however, there is evidence of a differential 
response to temperature as masterbatch cycle time is increased or vice-versa, 
the increase in resistivity with increase in time or temperature increasing &s the 
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6 The effect of the mixing process on the electrical resistivity of 
HAF and CC stocks 


levels of the two factors are raised, This is illustrated in Figure 7, (a) where 
the increase of resistivity occurring at any temperature when the mixing time 
is increased from 5 to 15 minutes is shown for the two blacks, and (b) where the 
effect is shown for increasing temperature from 120--180° C for any given mixing 


time 
EXPERIMENT 5 


The effect of maturing time on ph ysical properties 


A factor in the milling of natural-rubber stocks which can vary considerably 
is that of the maturing time between various stages tn the process. An experi- 
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ment designed to cover the variation found in practice was carried out as fol- 
lows. A tread type compound, as used in Ixperiment 2, was mixed in the 
Banbury, the Banbury stock containing all ingredients except sulfur and ac- 
celerator. The mixing cycle was six minutes, and, immediately on discharge, 
the mixed rubber was sheeted on the 32-inch mill. It was then divided into 
two parts. One part was allowed to rest for 24 hours when it was warmed on 
the mill and sulfur and accelerator were added. It was matured for a second 
period of 24 hours, then broken down on the mill, sheeted, matured for 24 
hours, and molded. The second part of the batch was returned to the mill 
immediately, sulfur and accelerator were added, and given a total working on 
the mill equal to that of the first part of the stock. It was sheeted, matured 
for 24 hours, and molded 

The remilling procedure described was done on two separate Banbury 
stocks, one mixed at 120° C, and the other at 190° C. The whole of the ex- 
periment was in duplicate. Average results are given in the table below. 


Tue Errecr or Marurinea 


Mixed at 120° C Mixed at 190° C 
J AW 


Property at optimum cure y, 
(15-50 @ 138.5° ¢ With maturing No maturing With maturing No maturing 


Tensile strength (Ibs. per 3420 3090 3360 3230 
aq. in.) 

Modulus (300%-lb. per sq. in.) 1690 1910 1870 2140 

Elongation at break (%) 507 146 470 125 

Hardness (°R.8.) 65.0 67.5 63.5 65.0 

Resilience at 50° C (%) 73.8 75.0 76.5 77.0 

Abrasion index 121 120 122 120 

Tear resistance at 21° C 920 875 815 795 
(Ib. per in.) 

Tear resistance at 100° C 370 365 335 350 
(Ib. per in.) 

Mooney viscosity at 120° C 51.0 61.0 418.0 54.5 

‘Time to scorch (min.) 21.0 19.0 15.5 14.0 

Klectric resistivity (log 3.02 2.74 5.25 41.44 
ohm-cm.) 

(Compression set (%) 45.1 10.9 10.2 38.4 

( ‘Compression modulus (lb ) 93.0 104.0 86.5 100.5 

Carbon black dispersion (%) 98.1 97.3 97.9 96.4 


Certain differences of physical properties, generally of smal! magnitude, will 
he noted between stocks which were matured and those which were not. In 
most cases the differences occur in the same direction and have about the same 
magnitude for both mixing temperatures. Stocks produced by the process in 
which there was no maturing between remilling have slightly less well dis- 
persed black, are harder and are rather more scorchy. <A laboratory extrusion 
test showed them to extrude more smoothly, however. After vulcanization, 
the stocks with no maturing have slightly lower tensile strength, elongation, 
cold tear resistance, electrical resistivity, and set, but they have higher modu- 
lus, hardness, resilience, and compression modulus. Abrasion resistance and 
hot tear resistance show no significant differences. 


EXPERIMENT 6 


The effect of mixing under nitrogen 


Assuming that, .'uring the mixing cycle, breakdown of the rubber proceeds 
as it does during mastication, it might be that if degradation were prevented or 
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reduced then some material gain in properties would be achieved. ‘Two obvi- 
ous ways of trying to eliminate or perhaps to reduce oxidative attack are to 
include antioxidants and to mix under nitrogen. A number of antioxidant 
materials were tried which preliminary mastication trials had shown to have 
appreciable effect on reducing the rate of plasticization. On subsequent 
mixing, however, no material differences were found when comparing the 
physical properties of stocks mixed from rubber with and without antioxidant 
present. This work was not taken far and the statement is not intended to be 
conclusive. 

Mixing under nitrogen was performed in a GK-4 mixer, since this machine 
lends itself more readily than the Banbury to this operation. To assess the 
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Fie. 7. The effect of the mixing process on the electrical resistivity of 
HAF and CC stocks Differential response to time and temperature 


effectiveness of the nitrogen atmosphere, a crude check was made by placing 
raw (unmasticated) rubber and black in the machine and mixing for a time 
which in air would have produced a normally mixed stock. At the end of the 
period in nitrogen, the stock showed no apparent breakdown, and was tough 
gristly, and quite unmoldable. 

The experiment proper was then made by mixing a tread type of stock, as 
used in Experiment 2, with normally premasticated rubber at 120° and 190° C 
in both cases in an atmosphere of air and of nitrogen. The results are given 
below: For the vulcanized specimens optimum cures were given, 15-50 at 
138.5° C, 
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kevrect or Mrxinc UNper NITROGEN 


120° ¢ 190° ¢ Mixing temperature 
Air 3440 3240 Tensile strength (lb. per sq. in.) 
Nitrogen 3440 3340 
A 1820 1980 400% modulus (Ib. per sq. in.) 
N 1880 1980 
A 64.0 62.5 Hardness (°B.S.) 
N 64.0 63.0 
A 77.0 79.1 Resilience (% at 50° C) 
N 78.8 78.8 
A xO) 810 Tear at 21° C (lb.) 
N RHO 795 
4 100 360 Tear at 100° C (b.) 
N 4120 415 
\ 1.20 5.56 Electrical resistance 
N 5.22 1.835 (log. ohm.-cm.) 
A 55 13 Mooney viscosity at 120° C 
N 57 55 
A 26 28 Mooney scorch time at 
N 25.5 23 120° © (min.) 
A 95.3 RRS Dispersion of carbon 
N 94.2 78.1 black (%) 


The results for each property are given in separate two-way tables, so that 
the effect of mixing in air at 120° and 190° C, about which there is a considerable 
background of knowledge, can be contrasted with the corresponding effects 
produced by mixing under nitrogen. 

The differences produced by mixing in air at 120° and 190° C are not, in 
general, very large, but they are in the same direction as had been found con- 
sistently before. In nitrogen, the corresponding differences are smaller, are 
not significant or, in one important instance, are reversed. The three most 
striking sets of results are those for Mooney viscosity, electrical resistivity, and 
black dispersion. When mixed in air, the fairly considerable fall in Mooney 
number which occurs would be expected for the higher mixing temperature 
In nitrogen the reduction in Mooney number is negligible for the same increase 
in mixing temperature. With electrical resistivity, the higher mixing tempera- 
ture results in a significant increase in resistivity, as has always been found when 
mixing in air. In nitrogen, resistivity has fallen slightly at the higher mixing 
temperature. The dispersion at 190° C is unusually low for an HAF black, but 
at the same mixing temperature in nitrogen dispersion is still lower. 


DISCUSSION 


Mastication at widely different temperatures (120°-195° C) to the same 
Mooney viscosity has either small or negligible effects on the level of physical 
properties, although, as has been noted, properties do show some trends which 
appear to be associated with temperature alone. 

Viscosity differences independent of mastication temperature differences 
have more definite effects. They are of sufficient magnitude (for any given 
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change in viscosity) to make worth while careful control studies of property 
levels when a considerable change is made in the viscosity of the rubber used for 
a given stock. In practical terms the general conclusion from the mastication 
experiment as a whole is that a tread stock mixed from rubber masticated at low 
temperature to a viscosity level about in the middle of the range normally used 
would be likely to have significantly better properties than one mixed from 
rubber masticated at high temperatures to a viscosity at the extreme soft end 
of the range common in practice. The outstanding evidence in support of this 
is provided by the tear resistance which is 30 per cent lower for a stock made 
from rubber masticated at 190° C to a Mooney of 30 than for one made from 
rubber masticated at 120° C to a Mooney of 65. Due attention must also be 
given to the results of the fatigue test. Under the conditions of deflection ap- 
plied, that is, of constant work input per cycle throughout the life of the test- 
piece, this test has proved reliable in forecasting the performance of compounds 
to be used in pneumatic tire casings. The present results strongly suggest that 
high-temperature mastication to a low plasticity number will result in com- 
pounds which will develop higher temperatures and a poorer fatigue life in 
service. 

Finally, it is well to note that control of variability may become more diffi 
cult with increasing rate of breakdown, which will itself be dependent on tem- 
perature. The minimum rate of breakdown occurs at about 115° C and, ac- 
cording to Busse and Cunningham’, at temperatures of 45° C above and below 
this the rate is increased five-fold. Our own work has shown that, at 190° C, 
the rate may be increased by as much as ten times from that at 120° C 

Apart from the effects which may be regarded as resulting directly from the 
reduction of the polymer chain length, plasticization may have indirect conse- 
quences which call for consideration. Thus, the ultimate dispersion of com- 
pounding materials may depend on the stiffness of the rubber, that is, on its 


ability to set up high shearing forces. The importance of this is difficult to 


assess. In much earlier studies we have found some evidence to show that 
with channel black, loss of properties such as abrasion resistance is related to 
poor dispersion. Wiegand and Braendle’, also found that variation of certain 
properties showed a dependence on carbon black dispersion. Boonstra and 
Dannenberg’ suggested that carbon-black stocks had slightly lower electrical 
resistivity when mixed from rubber with a low Mooney-viscosity number 
This they believed might be due to a lower degree of dispersion, resulting in a 
larger number of conductive paths. Our own work shows no significant rela- 
tionship between viscosity and electrical resistivity 

Account must also be taken of the complex nature of plasticity when ap- 
praising any mastication process. The Mooney viscometer and Griffiths 
plastometer measure different rheological characteristics, and the way in which 
interdependence of the results from the two instruments is altered by the tem 
perature of mastication of the rubber merely confirms this. The two mecha- 
, and further 


nisms of rubber breakdown postulated by Kauzmann and Eyring! 
studies by Watson", suggest that different end products may result according 
to the mastication conditions. The experimental work of Piper and Scott" 
tended to show that this isso. They concluded, for example, that mechanical 
working was the most effective way of reducing “never’’, whereas high mastica 
tion temperatures tended to increase it. In brief, the assumption is not war- 
ranted, of course, that rubber masticated at different temperatures to the same 
plasticity index, as recorded by one of the regular plastometers, will provide 
stocks with the same processing characteristics 
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The results of Experiment 2 which show the effect of zinc oxide on scorching, 
call for little further comment. It is possible that this effect results from a 
greater proportion of zinc oxide and stearic acid combining at the higher tem- 
peratures to cause increased reactivity with the accelerator. Although effects 
caused by the order of addition of other materials were not established in this 
case, it is believed, from work not reported here, that unexpected side effects 
may be produced in some cases, and this field of experiment is being examined 
further. 

The literature contains a number of references to experiments made in the 
laboratory with the small-scale equipment generally used to study in natural 
rubber the effects of varying different factors in the mixing operation. Wie- 
gand” and Lefeaditis"* found that severe overworking resulted in a loss of such 
properties as tensile strength, tear resistance, and shelf aging, and the former 
recommended short mixing cycles at low temperatures for the development of 
maximum properties of reinforcement. Wiegand and Braendle* showed that 
continuous milling produced a maximum in the case of tensile strength and 
electrical resistivity, but that modulus and indentation hardness fell progres- 
sively. Over a practical range of cycle times Drogin, Bishop, and Wiseman!'® 
and Boonstra and Dannenberg,’ discovered only small changes of physical! 
properties. Studies by Drogin, Bishop, and Wiseman!®, and by Dannenberg!’ 
suggest that properties such as tensile strength, tear resistance, and flex crack- 
growth resistance may be reduced by a high mixing temperature, although it is 
to be noted that Dannenberg found abrasion resistance improved. Modulus, 
resilience and electrical resistivity, the last by a large amount were increased 
by high mixing temperature, while scorch time decreased. On the effect of 
black proportion in the masterbatch, the results of an experiment by Braendle 
and Kstelow’ showed that maximum gains in technically desirable properties 
were achieved, and a masterbatch was mixed with a high proportion of carbon 
black at a high temperature. 

Experiment 3 was designed to bring together and study at one time the 
factors of time, temperature, and black proportions in the masterbatch. Some 
properties are shown to vary with variations in all three factors. Having re- 
gard to the wide range of levels of the three factors, however, the variations in 
properties are generally small. The possible exceptions are electrical resistivit) 
and tear resistance, which, respectively, achieve lowest and highest values for 
shortest time, lowest temperature and lowest concentration of black in the 
masterbatch. That tear resistance falls with increasing masterbatch concentra- 
tion presents a contradiction to the view that with natural-rubber high-black 
masterbatch mixing yields enhanced reinforcement. The more detailed study 
in Experiment 4 of electrical resistivity changes shows a marked difference in 
behavior between a channel and furnace type of black, the latter giving stocks 
which have appreciable dependence of resistivity on the mixing process. From 
the point of view of quality control, two points are worth particular note. So 
far as the HAF black is concerned the higher resistivity of stocks mixed from 
the masterbatch with the higher black loading and the fact that as temperature 
of mixing is increased, the rate of increase in resistivity with time of mixing 
becomes greater 

Maturing time, followed by remilling, was always found to be essential for 
obtaining good dispersion with channel black. Although the evidence for the 
dependence of physical properties on variations of the dispersion commonly en- 
countered in good practice was not conclusive, it was regarded as unsound in 
principle to have an appreciable quantity of black in the form of agglomerates. 
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l’urnace blacks have altered the picture, since with them it is difficult to obtain 
bad dispersion. Nevertheless, maturing and remilling of stocks continues to be 
done, less for reasons of black dispersion than for the benefits to be gained in 
final processing, which are not, however, always easy to substantiate. The 
significance of Experiment 5 lies in the indications that stocks remilled with 
intervals for maturing develop only slightly different properties from those 
remilled for the same total time without maturing 

In Experiment 6, where the effect of mixing under nitrogen was examined, 
if the assumption is made that oxygen was largely excluded, it seems from the 
results that the oxidative breakdown which occurs normally in the presence of 
air has only a small effect on the ultimate properties. From this it would seem 
to follow that, with natural rubber, the amount of air freely available during 
mixing may be unimportant. 
CONCLUSIONS 


The experiments described roughly represent the three main stages in thi 
preparation of a rubber compound before molding, viz., mastication, mixing 
and reworking. At each stage, variations in the process affect, in varying de- 
grees, processability at subsequent stages and the ultimate physical properties 
In general, the effects in isolation at any one stage are small when considered 
against the background of economic processing. Whether uncontrolled or 
deliberately applied, process variations are, in the main, independent at each 
stage. Consequently, the magnitude and direction of the effects they produce 
may also be independent. In any considerable period of time, therefore, the 
properties of a compound may vary between two extremes which represent the 
adding together of all the effects at the separate stages. On the evidence pre- 
sented here it is considered that process changes which might in normal practice 
be applied for expediency or economy, or such as might occur, between different 
production units of one company could, by this additive effect, produce total 
variations of practical significance. The properties likely to be affected most 
are plasticity, scorch, tear resistance, and electrical resistivity. 
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VULCANIZATION OF CREPE RUBBER BY SULFUR 
MONOCHLORIDE. I. THE GELATION METHOD * 


J. GLAZER AND J. H. ScHULMAN 
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University or Campripce, Campringe, ENGLAND 


INTRODUCTION 


When a dispersion of rubber (4 per cent) in benzene is treated with sulfur 
monochloride (1 per cent) at room temperature, the solution becomes opaque 
and gelation occurs in a few minutes. With a more dilute dispersion of rubber 
(1 per cent), Meyer and Mark! obtained a weak gel, which could be broken up 
by stirring to give, after one hour, a pale yellow precipitate, corresponding to 
the formula CyHySCl.. By analogy with the reaction of ethylene and sulfur 
monochloride, these workers proposed the following reaction process: 


The so-called cold-vulcanization process, which is essentially the above reaction, 
thus appears to correspond to the cross-linking of adjacent isoprene units by 
means of thioether-bond formation. This result contrasts with the hot sulfur 
vulcanization process, where the reaction does not involve the sulfurization of 
any appreciable number of olefinic groups’. 

The mechanism of the cold vulcanization process is unknown. However, 
it is known’ that certain commercial sulfur vulcanization accelerators speed up 
the above gelation process to a remarkable extent. The present work describes 
an attempt to investigate the kinetics of the reaction between rubber and sulfur 
monochloride, with the eventual view of establishing the mechanism of the 
process. In general, two main methods have been developed for assessing 
reaction velocities. They are the dilatometric method‘ and a more arbitrary 
time-of-gelation method. While the former method is of importance in study- 
ing the more detailed quantitative features of the reaction, the latter method 
is of help as a powerful auxiliary. 

Although it is not yet possible to propose a clear-cut mechanism for the vul- 
canization process, certain kinetic features have been established, and indica- 
tions of the most fruitful lines of attack are presented. 


EXPERIMENTAL 
THE GELATION METHOD 


The following technique has proved very useful in measuring the accelerat- 
ing effects of a host of compounds on the reaction. A stock of a dispersion 
(4 per cent) of crepe rubber in benzene was prepared. Sulfur monochloride 
and benzene were used as supplied, without further purification. For studying 
the effect of various compounds as accelerators, the compound (0.5 g.) was 

* Reprinted from the Journal of Colloid Science, Vol. 14, Issue No. 74, pages 169-179, August 1954 


The present address of J. Glazer is the National College of Rubber Technology, Holloway Road, London 
England 
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dissolved, or dispersed, in the rubber benzene (50 cc.) dispersion. The whole 
was stirred at a convenient rate (400 to 500 r.p.m.) and sulfur monochloride 
(0.5 ec.) was added by pipette. The rate of gelling was arbitrarily measured 
in terms of the time taken for the rubber-benzene dispersion to be wholly ab- 
sorbed round the stirrer asacone. Results were reproducible to approximately 
5 percent. The gelling times are recorded in units relative to the gelling time 
of the nonaccelerated reaction of rubber and sulfur monochloride (100 units) 


RESULTS AND DISCUSSION 


A series of experiments was performed with some commercial accelerators 
used in the sulfur vulcanization process. Results are itemized in Table I, 


TABLE I 


Krrecr oF MISCELLANEOUS COMMERCIAL SULFUR ACCELERATORS 
ON GELATION TIME IN BENZENE 


Accelerator Gelling time 

None 100 (ca. 3 min.) 
Zine isopropylxanthate (ZLX) 0 
Butyl-8 15 
(Et)»N-CS-S NH.(Et). (DDCN) 18 

S 
y 
C—SH 24 

N 

S s ‘ 

( S—S—C f 75 

N N 
F a toa CH.CH 
C—S—NH CH 80) 

\ CH.CH 


whence it can be seen that, in the mercaptobenzothiazole class of compound, a 
marked effect is present where there is a free —SH group tecent work® on the 
ultraviolet absorption spectra of mercaptobenzothiazole shows that this com- 
pound, in benzene solution, exists completely in the tautomeric form (1), with 
the hydrogen atom attached to the nitrogen teplacement of this hydrogen 
atom in the free —SH (or, more correctly, —-N H) group as in the corresponding 
disulfide and the cyclohexylamine derivative, reduces appreciably the marked 
accelerating capacity of the compound. Furthermore, it would seem that ZIX 
and DDCN function to a large extent by virtue of their free —SH groups, since 
they both possess the ionie group (II) which, in the presence of small amounts 
of acid (HCI from the sulfur monochloride), would immediately give the corre 
sponding xanthie acid (ITT) 


S Ss S 
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EFFECT OF AMINO COMPOUNDS 


The result at once suggested the use of comparatively simple organic com- 
pounds containing a similar labile hydrogen atom, as typified by the groups 

SH, —OH NH». Thus, the series thiophenol, phenol, and aniline gave 
the values 23, 12, and 9.5, respectively, as their “time of cone formation” 
factors. Consequently, many compounds possessing the groups —OH and 

NH were tested for their accelerating power. Some results on >NH com- 
pounds are collected in Table II. The general effect is clear; although the 
basic R,N group exerts a definite acceleration (viz., pyridine, dimethylaniline, 
azobenzene), the presence of a hydrogen atom, as in ReNH, results in a qualita- 
tively larger effect. Furthermore, the results in Table II show that the ac- 
celerating power of the compound increases with the number of hydrogens 


TaBLe I] 


Kvrect or Some NrrroGen ComMPpouNnps ON GELATION Time IN BENZENE 


\ccelerator Gelling time 
None 100 
NH 9.5 
NHCH 33 
»—N (CH) 4] 
58 
CH.CH 
Hf NH 17 
CH.CH 
NH 4 17 
COCH 
N 100 
NH.—< NH 0 
NH 
NH 
NH 
NH 0 
NH,—~< — 4 NH 0 
NH—NH—< . 18 


N=N—< » 80 
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Pasie II] 
krrect oF SOME OxyYGEN COMPOUNDS ON GELATION Time IN BENZENt 
Gelling time 


Accelerator 


OH 12 
OCH 80) 


OH 
OH 

OH 
OCH 


»—OCH 
Pa 


OCH 
OH 


+7 
— 
OH 
CH,OH 
C,H,OH 


n-C H,OH 


CO.H 
y 


OH 


»—OH 


OH 
oe he 
VA 
Not complete 


attached to the nitrogen. Thus, the accelerating power for methyl-substituted 
anilines takes the following order: aniline monomethylaniline dimethyl 
aniline. This also shows that the accelerating power is not determined by the 
basic strength of the amine, since these are in the reverse ordet By comparing 
the values obtained for diphenylamine and N-acetyldiphenylamine, it can be 
seen that the replacement of >N—H by >»N—COCH, results in the total 
removal of accelerator activity. The same effect, although not so drastic, is 
shown by dihydrazobenzene and azobenzene. The most active accelerators of 
the amine series are bifunctional diamines, such as o-, m-, and p-phenylene 
diamines and benzidine, where gelation is virtually instantaneous and seems to 
be determined by the speed of stirring. 


EFFECT OF HYDROXY COMPOUNDs 


Table III shows the results obtained with a series of —-OH compounds, and 


the following points are significant: 
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(1) Replacement of the —OH group by the —OCH, group in a series of 
phenols results in a marked drop in accelerating power. 

(2) Increasing the number of —OH groups increases the accelerating power. 
Thus the bifunctional diphenols are qualitatively more effective than the mono- 
phenols. 

(3) The accelerating properties of phenol, benzoic acid, and p-toluene- 
sulfonie acid are not directly related to their acid strengths. Furthermore, 
appreciable acceleration is shown by the nonacidic aliphatic alcohols. 


The absence of a direct relationship between the accelerating power of the 
compound and its basic or acidic strength shows that these compounds do not 
function by virtue of their tendency to donate or accept protons. This fact, 
together with the necessity for the presence of an —XH group (where X = 
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Accelerating effect of alcohols on gelling rate. Solvent: benzene [Rubber] 
Yo wi [SeCle] = 1.7% w/v. CH OH C:H,OH, ©); n-CsHrOH, A 


ws 


8S, O, or N), strongly suggests that these compounds (R—XH) function by 
their ability to dissociate homolytically to provide free radicals, thus: 


R—XH »>R—-X +H 


Hither of these radicals may then take part in the subsequent reaction processes. 


ACCELERATION DUE TO ALCOHOLS 


The accelerating action of the simple aliphatic alcohols merited further 
study, both in the presence and in the absence of the usual type of commercial 
accelerator. Experiments were accordingly performed in which the gelation 
time was measured as a function of the concentration of the added alcohol. 
The gelling rate was characterized by the reciprocal of the time of cone forma- 
tion relative to‘the nonaccelerated reaction. Thus, the gelling rate was defined 
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Fig. 2.—-Accelerating effect of alcohols Plot of gelling rate against square of aleohol concentration 
Solvent: benzene [Rubber] 4% w/v (S2Ch:] = 1.7% w CHAOH CAH LOH, ©); n-CalyOHu, A 


as lo/t, where to is the time of cone formation in the absence of added alcohol, 
and tin its presence. Results for methanol, ethanol, and n-propanol are shown 
in Figure 1, where it can be seen that each of the alcohols is capable of increasing 
the gelling rate by a factor of 6 times. It can be seen also that the effect is 
greater than linear. In Figure 2, the gelling rate is plotted as a function of the 
square of the alcohol concentration, and it can be seen that the accelerating 
effect could reasonably be linearly related to [ROH }*. This result is later 
confirmed dilatometrically® for methanol in a much lower concentration range, 
and suggests that the alcohol-accelerated relation is kinetically of the second 
order with respect to the alcohol. 

Arising out of the accelerating effect of alcohols is the question whether this 
effect is retained in the presence of a commercial accelerator such as Butyl-8, 
and, if so, whether there is an optimum concentration of either accelerator be- 
yond which its effectiveness decreases. Stock solutions of rubber in benzene 
(4 per cent) containing varying amounts of Butyl 8 were prepared. Their 
gelling rates were determined in the presence of sulfur monochloride (0.7 per 
cent). The results are shown in Table IV. ‘To each of these stock solutions 
were added varying amounts of methanol, and the accelerating effect was 
plotted as a function of the methanol concentration (Figure 3). In this dia- 


TABLE IV 


GELLING Rate or Stock RUBBER SOLUTIONS CONTAINING 
Butyi-8 IN BENZENE 
Butyl-8 Gelling rate 
(%) (to/t) 
0 1.0 
0.05 1.6 
0.10 2.1 
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Fig. 3 Accelerating effect of methanol in the presence of Butyl 8 Solvent: benzene 
[Rubber] = 4% w/v [S2Cle} 0.7% w/v No Bu 8 0.05% Bu 8, 4; 0.10% Bu 8, © 


gram, the gelling rates for the different stock solutions have been ‘‘normalized”’ 
by equating to unity (to’); it was thus possible to show that the relative ac- 


celerating effect of methanol is independent of the presence or the amount of 
Butyl-8 in the system. It is concluded that the accelerating effects of methanol 
and Butyl-8 are completely additive 


EFFECT OF ALCOHOLS IN PETROLEUM ETHER 


In all of the experiments so far described, the rubber was dispersed in 
benzene. There was no difficulty in preparing apparently homogeneous dis- 


fy 


me, * 
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Accelerating effect of aleohols on gelling rate Solvent: petroleum ether (100-120 
{8rCls] 17% w/v. CH,OH C:H.OH, ©); n-CsHyOH, A 
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persions of rubber in benzene (4 per cent). In the case of petroleum ether 
b.p. 100-120° C), however, it was impossible to prepare a homogeneous dis- 
persion containing 4 per cent of rubber. Unlike the rubber-benzene disper 
sions, the rubber-petroleum ether dispersions were opaque, and therefore 
contained comparatively large aggregates of unswollen rubber. It was not 
surprising, therefore, that gelling times for rubber-petroleum ether dispersions 
were invariably much larger than those in benzene. In Figure 4, the gelling 
rates are plotted of a rubber-petroleum ether dispersion in the presence of vary- 
ing amounts of alcohols. Compared with analogous experiments in benzene 
Figure 1), the following differences are apparent 


(1) The accelerating effects are much greater in petroleum ether than in 
benzene. It must be remembered that this is a relative effect. Thus, al 
though methanol (0.5 M) is approximately twice as effective an accelerator in 
petroleum ether as in benzene, the observed gelling time was greater in pe 
troleum ether than in benzene. 

(2) In the rubber-benzene system, the accelerating effect of the alcohol 
does not vary perceptibly with its hydrocarbon chain length. In the rubber- 


TABLE \ 
ePrECT OF ETHANOL AND ACETONE ON Cit LLING RATE IN SE NZENI AND 
with 1.7 Per Cent Sutrurn Monocuvoript 


Crelling rate 
Compound to/t) 


None 1.00 
1% acetone (v/v) 1.02 
$% acetone (v/v) 1.3 


Y% ethanol 2.( 


1% ethanol 15.0 (estd.) 


petroleum ether system, however, marked differences are observed, and the ac 
celerating effect falls as the hydrocarbon chain-length of the alcohol is increased 
(3) Unlike the benzene system, the gelling rate in petroleum ether increases 
less than linearly with the alcohol concentration. In view of the imperfect 
dispersion of the rubber in the petroleum ether, it would be unwise to discuss 
in any detail the reasons for these marked differences between the solvent 
except to say that they might arise out of the presence of appreciable macro 


scopic clusters of swollen rubber in the petroleum ether, thereby leading to su 
face effects 


EFFECT OF ACETONI 


There arises out of the above study the question of the role of the aliphatie 
alcohols in the accelerated reaction. In addition to a purely chemical role 
such as reaction with sulfur monochloride to produce a more reactive vulcaniz- 
ing reagent, it is conceivable that the alcohol increases the rate of gelling by 
functioning as a precipitant for rubber. This has, however, been disproved 
for it is found that the addition of acetone exerts only minor effects on the 
gelling rate (Table V). Since acetone is a powerful precipitant for rubber 
hydrocarbon dispersions, its negligible accelerating effect must result from its 


chemical inertness, i.e., the absence of an active hydrogen atom 
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MECHANISTIC CONSIDERATIONS 


Although ultraviolet absorption spectroscopic evidence favors the 
structure for mercaptobenzothiazole rather than the 
N=C—SH_ structure, mercaptobenzothiazole undoubtedly reacts with 


sulfur monochloride in the N==C—SH form, since the reaction product 
is the tetrasulfide® 


The reaction is analogous to that of ethylthiol with sulfur monochloride to give 
diethyl tetrasulfide, C,.H;—S—S—S—S—C,H;. It seems likely, therefore, 
that this type of reaction is involved in the accelerating process. The compara- 
tively small accelerating effect (Table I) of benzothiazoly! disulfide (compared 
with mercaptobenzothiazole) suggests that the corresponding tetrasulfide will 
possess low accelerating properties. This implies that the active entity in the 
thiol-sulfur monochloride reaction is a short-lived intermediate, rather than 
the final reaction product. Although it is clearly premature to attempt to 
identify this intermediate at this stage, a possible scheme would be 


R—S—H + Cl—S—S—Cl >R—S + HC] + S—S—Cl 


followed by a chain of free-radical processes involving the rubber. The cor- 
responding schemes for the amines and alcohols would be: 


RN i—S8—S—C »>R.N + HC] + S—S—Cl 


and: 


»>R—O + HC] + S—S—Cl 
Asymmetric fission of the sulfur monochloride to give S—S—Cl, rather than 
symmetric fission to give S—Cl, is favored since later dilatometric results® 
show that the vulcanization reaction is first order with respect to the sulfur 
monochloride 
SYNOPSIS 


When a solution of natural-rubber hydrocarbon is cold-vulcanized with sul- 
fur monochloride, a gel is formed. The rate of gel formation is used to char- 
acterize the rate of reaction between rubber and sulfur monochloride, and a 
preliminary kinetic investigation is described. It is shown that the reaction is 
accelerated by compounds normally used for speeding sulfur (hot) vuleaniza- 
tion, and it is suggested that these function by virtue of their possessing an 
active hydrogen atom. Several series of simple compounds, containing the 
groups —SH, —OH, and —N Hp, are shown to function as effective accelerators, 
and their activity is attributed to the presence of a labile hydrogen atom in the 
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molecule R—X—H, where R organic radical and X 8, O, or N. The 


absence of a direct relationship between accelerating power and basic or acidic 


strength suggests a free radical mechanism of accelerator action, based on the 


process R-X—H — R—X + H. 
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KINETICS AND MECHANISM OF HYDROCHLORINA- 
TION OF SYNTHETIC AND NATURAL 
POLYISOPRENE LATEX* 


EpWARD CRAMPSEY, MANFRED GORDON, AND JAMES 8S. TAYLOR 


DeraRTMeNT OF TrecnnicaL Cuemiatry, Rovat Tecunica, Cottece, GLAsGow, SCOTLAND 


As an aid to the elucidation of the mechanism of the hydrochlorination of 
Hevea rubber latex', synthetic polyisoprene latexes have been prepared and 
studied kinetically. The prime motive for this work was the desire to ascer- 
tain the effect on the hydrochlorination rate of a change in the chemical nature 
of the substrate. The variation of particle size in the synthetic latexes, and 
the absence of the varied contaminants from which natural latex cannot readily 
be freed, have led to effects which shed new light on the reaction. 

Apart from the nonrubber components present in natural latex, a stabilizer 
has to be added against acid coagulation. To this end we have used Vulcastab- 
LW, a nonionic ethylene oxide condensation product’, of whose concentration 
the hydrochlorination rate of natural latex has been shown to be independent’. 
Simple emulsion-polymerization methods were, therefore, tried with this sub- 
stance as the surface-active ingredient, in the hope of preparing synthetic 
polyisoprene latex stable to subsequent acidification and reaction with hydro- 
gen chloride. In view of the complexity of emulsion-polymerization methods 
recorded for isoprene’, it was with surprise that we found that suitable latexes 
can be smoothly prepared without ingredients other than isoprene monomer, 
water, Vulcastab-LW, and ammonium persulfate (catalyst). It is true that 
as much as 8 per cent of Vulcastab-LW, calculated on the isoprene, was found 
desirable, and that some little coagulum formed even with this amount 
However, the coagulum could readily be filtered off, and the latex was then of 
fine and uniform particle size. The latex was completely stable to acid and 
could not be flocculated by the usual technique of dilution with boiling water. 
Acetone was, therefore, used to coagulate the partially hydrochlorinated poly- 
mer at the end of each kinetic experiment 


EXPERIMENTAL 
Two latexes (I and II) were used for hydrochlorination studies. They had 
the respective compositions: isoprene 3.5, 4.0; water 1.5, 5.0; 20% Vulcastab- 
LW in water 1.5, 1.5; and ammonium persulfate 0.075, 0.085 gram. They were 


sealed in soft-glass ampoules and shaken for 19 hours at 60° (latex I) and 4} 
hours at 57° (latex II). The isoprene* fraction, b.p. 34.5-35.5°, served for 
latex I. For latex I] a broader fraction (34.5-37°) was taken. The accepted 
b.p. 18 34.1”. Further purification of the isoprene was not deemed necessary, 
since the rate of the hydrochlorination was found to be practically independent 
of the nature of the rubber hydrocarbon (see below). The monomer remaining 
after polymerization was removed by blowing carbon dioxide over the warmed 


* Reprinted from the Journal of the Chemical Society (London), December 1953, No. 803, pages 3025 
$032 





HYDROCHLORINATION OF POLYISOPRENE LATEX 280) 


latex under a partial vacuum. The main difference between the two latexes 
was a three-fold reduction of particle size in latex II, attributed to the higher 
dilution with water and shorter polymerization. Each latex was diluted with 
a little water and then two-fold with concentrated hydrochloric acid, filtered 
through glass cloth, and stored in a corked bottle. 

The apparatus and procedure for hydrochlorination kinetics were those 
described by Gordon and Taylor’. Figure | shows the calibration curve for the 
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specific volume of the purified polymer against wt.-per cent conversion, com 
pared with a similar plot for natural rubber (see Discussion). By its means 
the wt.-per cent (and hence the mole-per cent) hydrochlorination was found for 
the polymer of each kinetic experiment from its density, measured in a diffusion 
gradient tube. Figures 2 and 3 present the results of the kinetic experiments 
at 300° K and at 2 and | atm., respectively, of HC] pressure 

When the synthetic polyisoprene latexes were acidified with an equal volume 
of concentrated hydrochloric acid, they became, unlike natural latex, of limited 
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chemical stability. When it was noted that points taken (full circles and full 
triangles) after a few weeks’ storage gave results markedly different from those 
obtained in the earlier kinetic experiments, the density of the supposedly un- 
changed polymer in latex I was redetermined. It showed an increase from 0.904, 
to 0.9242. This could be attributed to 7 mole-per cent hydrochlorination, and 
a small amount of chlorine was found in the purified polymer. The kinetic 
evidence on this stored latex, however, suggests that some change other than 
hydrochlorination had also occurred. This is likely to be oxidation, against 
which Hevea latex is effectively protected by natural antioxidants, but to which 
the synthetic latex might well be sensitive. The lines drawn through the points 
in Figures 2 and 3 have the slopes and intercepts recorded in the Table. It will 
be noted that the slopes are all about 8 per cent higher than those for natural 
rubber under the same conditions. This difference, though outside the experi- 
mental error, is almost negligible and is probably due to effects of the medium 
on the rate. 
DISCUSSION 


The density and kinetic measurements of the hydrochlorination of synthetic 
polyisoprene show interesting parallels with, and differences from those of 
natural-rubber latex 


Slope of Slope of Slope of Slope of 
“retarded main ‘retarded” main 
Intercept P line line Intercept P line line 
in Fig. 2 (mole-% mole-% in Fig. 2 (mole-%/ (mole-% 
(mole-%) hr.) hr (mole-% ) hr.) hr.) 
Fig. 2 (2 atm. of HCI Fig. 3 (1 atm. of HCl) 
Natural (Hevea) latex 2.0 14 47.5 2.5 1.5 5.2 
Synthetic latex | 6.25 None 51 
Synthetic latex II 20.0 None 51 23 None 5.6 


Density measurements.—Samples of latex I polymer gave the plot of specific 
volume V against composition shown in Figure 1. This is of the type explained 
by the ideal copolymer theory and is very similar to the analogous plot for 
butadiene-styrene copolymers, if styrene is imagined to take the place of a 
hydrochlorinated unit. Preliminary measurements in this laboratory confirm 
that the kink in the plot (Figure 1), around 80 wt.-per cent hydrochlorination, 
is associated with the composition having its second-order transition at the 
temperature (300° K) concerned. The equation for the “rubbery” line of the 
plot is: 

V = 1.106 — 0.00226c. 


where cy is the wt.-per cent of hydrochlorinated units. For natural rubber and 
its hydrochloride, the “rubbery” line is almost identical (V 1.106 
0).00230c.), but deviates markedly downwards at high co. The deviation is due 
to the crystallinity’ of the hydrochloride of natural rubber. Synthetic poly- 
isoprene hydrochloride has previously been found to be amorphous’*, and this 
was confirmed by us by electron diffraction as well as by the ideal shape of the 
plot in Figure 1. The packing aspects of this plot will be discussed elsewhere. 
Latex II gave a starting polymer (c. = 0) of slightly lower specific volume, 
viz., 1.098 instead of 1.106. Equation (1) was adjusted accordingly when com- 
puting c, from the density, and a similar parallel displacement made for the 
glassy line. The effect is likely to reflect the inclusion of small amounts of a 
higher-boiling fraction as a contaminant of the isoprene. 

Kinetic measurements.—In the light of the following facts, synthetic poly- 
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isoprene is to be regarded as a different substrate from natural rubber in the 
hydrochlorination reaction. D’Ianni® found that only 88-90 per cent of the 
units were polymerized by 1,4-addition in isoprene emulsion polymer, so 10 

12 per cent were probably in the 1,2- or 3,4-forms scattered along the polymer: 
chain. Richardson and Sacher'® confirmed this by infrared analysis, since for 
a typical persulfate-catalyzed emulsion polyisoprene they found 5 per cent of 
1,2- and 5 per cent of 3,4-units. Moreover, 72 per cent of the units were in the 
trans-state and only the remaining 18 per cent were cis-isoprene units as found 
in natural rubber. trans-Units also predominate over cis-units in synthetic 
polybutadiene (Hart and Meyer''). Synthetic polyisoprene thus differs from 
rubber as a substrate in that it does not consist predominantly of long se- 
quences of cis-units in 1,4-addition. The irregularity of the structure of poly- 
isoprene is reflected in the noncrystalline nature of its hydrochloride mentioned 
above. A comparative discussion of the hydrochlorination kinetics of the two 
substrates centers on the initial jump in the rate curves, the retardation effect, 
the main straight-line portion of the rate curves, and the total conversion which 
is asymptotically reached. 

Extrapolation of the relevant straight-line portions to the composition axis 
reveals (Figure 2) that different percentages (P?) of the total polymer are in- 
volved in the initial jump under comparable conditions (2 atm.), viz., 2 per cent 
of the natural rubber, 6.25 per cent of latex I, and 20 per cent of latex IT units 
In principle, this fast reaction could be due to the presence of corresponding 
percentages of units either with a chemically more reactive structure, or lying at 
a site favored for reaction. Correlation of P with the surface-average particle 
size, measured by the electron microscope, proves that the fast units lie within 
15 A of the particle surface. This proof that the initial jump is a surface re- 
action, which implies that the subsequent main part of the hydrochlorination 
occurs in the bulk of the polymer particles, will be published in detail elsewhere 

The retardation effect in natural-rubber latex, which leads to a slow linear 
rate before the full rate is suddenly attained (Figure 2), is entirely missing in 
synthetic polyisoprene. This confirms that the effect is not an essential part 
of the hydrochlorination mechanism, and lends much support to the suggestion 
already made tentatively®, that a special retarding substance is present inside 
the natural-latex particle. Indeed, the surface reaction and the retardation 
effect in natural-latex hydrochlorination exposed in this paper explain satis- 
factorily observations on the cyclization kinetics of the same substrate, in which 
an initial jump followed by a retarded rate were also found’. These initial-rate 
abnormalities were not then explained, apart from a reference to possible 
diffusion effects. The two reactions are thought to go through a common 
intermediate®, and their rates are both very sensitive to acid concentration 
This suggests the presence of some basic substance in Hevea-latex particles 
which, until it is neutralized or destroyed, diminishes both rates by diminishing 
the prevailing acidity 

The full (unretarded) zero-order rates of hydrochlorination of natura 
rubber latex are reproduced with synthetic polyisoprene (to about 8 per cent 
accuracy) in the two runs at 300° K and at 2 atm. of HCl, and the one run of 
four points taken at the same temperature and 1 atm. of HC! (Table; Figures 
2and 3). The decrease of rate between the two pressures is given by a factor 
of 9.1 within experimental error with both substrates 

The zero-order kinetic law may be explained a priori by either of two oppor 
ing hypotheses. (1) The rate-determining step involves the polymer, but the 


disappearance of the polymer units due to hydrochlorination leaves the rate 
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unaffected for special reasons of compensation, such as might arise in a chain- 
reaction mechanism. (2) The rate-controlling step involves only species 
derived from hydrogen chloride, and possibly water, whose concentrations are 
maintained constant during each run in the surrounding aqueous phase. 

Since stereochemical considerations lead to the postulate® of a chain reaction 
for the hydrochlorination of natural latex, we need to discuss (1) in some detail. 
The discussion will show that this hypothesis is hardly tenable, since any zero- 
order rate obtained will be sensitive to the number or kinetic length of the 
chains involved, which in turn will be sensitive to the detailed structure of the 
polymer and could hardly survive unchanged a change of substrate from rubber 
to polyisoprene. Zero-order laws can arise in the following two fundamental 
types of chain mechanisms: 

Life-time of reaction chain comparable with total reaction time (1a).—A long 
linear portion of the rate curve, followed by a rounded portion leading to 
asymptotic decay, may be observed. A relevant plot is given by Jellinek"™ in 
connection with certain degradation mechanisms of vinyl! polymers, and such a 
plot could readily be fitted to our results on the main hydrochlorination of rub- 
ber and polyisoprene. The straight-line portion must, then, be the result of a 
constant number of reaction chains, started simultaneously at the beginning of 
the reaction, and propagated with constant average rate. The initiation must 
be at chemically privileged units of the polymer, and the propagation must pass 
along the polymer chain. The privileged units must be very evenly spaced to 
ensure a constant length of polymer, and thus a constant kinetic chain length, 
between them. (In particular, since the polymer chains in rubber are far from 
constant in length, the privileged units for activation cannot merely be end 
units.) The kinetic chain-length must be about thirty units or more. If these 
conditions do not apply, the linear portion of the rate curve will be much shorter 
than was observed. (Of course the rounded portion at the end is due to the 
fact that the chains, though initiated simultaneously and of even chain-length, 
will not die simultaneously. Their life-time would be governed by a Poisson- 
type distribution, because propagation is subject to the hazard of random en- 
counters.) While we earlier entertained the theory that a small number of 
evenly spaced, chemically active, initiating groups might be present in natural 
rubber, the same number and spacing of such groups cannot also be character- 
istic of the synthetic polymer, so that mechanism (1a) has to be abandoned. 

Life-time of reaction chain small with respect to total reaction time (1b).—The 
following equation would apply: 


Overall rate = Initiation rate * Kinetic chain length 


By constancy of the two factors on the right (as in certain photochemical ex- 
periments), or by their reciprocal variation, a linear rate law may be achieved. 
Both factors would again depend critically on the detailed structure of the 
polymer units, so that it is again impossible to understand how the same con- 
stant rate could be obtained for the natural and the synthetic polymer. It is 
thus clear that the presence of a chain reaction magnifies the sensitivity of what 
is always the most searching test for nonparticipation of the substrate in the 
rate-control, viz., an actual change in substrate. An example of the application 
of this test from the field of reactions of inorganic acids with organic substrates 
is found in the zero-order nitration, explained by Hughes, Ingold, and Reed" as 
controlled by the rate of the reaction O2N-OH — O,Nt + OH 

Next, having rejected the possible schemes (la and b) for intervention of the 
substrate, we require to seek, in accordance with hypothesis (2) above, for a 
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rate-determining step involving only the hydrochloric acid (and _ possibly 
water) for the hydrochlorination of our two substrates. 

Nature of the rate-controlling step.—The rate of this step will follow the funda- 
mental Bronsted equation: 


Rate = ka;"a»" fr (2) 


where the a’s are the activities of the colliding species and fr is the activity 
coefficient of the transition state. The reaction takes place in the hydrocarbon 
phase and probably between ions, as will be shown. It thus falls into a class of 
reactions for which there is little knowledge to draw on. A concrete suggestion 
as to the nature of the step emerges from the temperature and concentration 
effects so far measured, but full proofs remain the subject of further study 

The partial pressures of water (almost negligible) and hydrogen chloride 
being constant for each kinetic run, the activities of all species which are in 
equilibrium with these vapors will likewise remain constant. The rate-con- 
trolling step must produce a highly reactive species (cf. NOs* for nitration), 
immediately taken up by the rubber substrate, from certain precursors (cf 
O.N-OH for nitration). The precursors are here in diffusive equlibrium with 
the aqueous and hence with the vapor phase, as otherwise the a’s in Equation 
(2) would vary, and zero-order rate plots would not be obtained over wide 
ranges of temperature and acid pressure. If the precursors can be maintained 
in diffusive equilibrium across the rubber-particle surface, the same must be 
true of neutral covalent hydrogen chloride molecules, which are the stable dis- 
solved species of the acid in hydrocarbon media. This is confirmed by the 
finding of Jones'®, that the small amount of hydrogen chloride dissolved in 
benzene (saturated with water) at 25° follows Henry’s linear law of pressure vs 
mole fraction. The slope of the line, incidentally, lies well below 50 per cent 
of that for Raoult’s law, thus showing that the solution is not a completely 
ideal one. If hydrogen chloride molecules are in diffusive equilibrium with the 
aqueous phase, they cannot constitute the reactive species formed in the rate 
determining step, whose equilibrium must be completely upset by the fast 
reaction with rubber. If the reactive species were in diffusive equilibrium 
with the aqueous phase, the rate of latex hydrochlorination (g. of HCI per ce 
of latex per sec.) would be independent of the rubber concentration, instead of 
proportional to it, i.e., the rubber would behave like a dissolved species in the 
zero-order reaction, not like a separate phase 

Another important conclusion follows from the constancy of the rate between 
about 20 and 80 per cent hydrochlorination According to Equation (2), fz 
as well as the a’s must be constant, and this despite the considerable change in 
the reaction medium (particularly the dielectric constant) occurring as rubber 
is progressively converted into its hydrochloride. This constancy of fr must 
mean that there is no net charge on the transition state which converts the 
precursors into the reactive species. 

The unknown true activation energy of hydrochlorination may be expected 
to be considerable (say, >15 keal.), since a H-C! bond has to be broken and a 
C=C converted into a C—C bond. The apparent energy of activation at 
constant activity (pressure) of hydrogen chloride is an appreciably negative 
quantity, —6 keal. on an average for natural rubber at | atm. between 0° and 
27°. Such a decrease of rate with rising temperature is generally to be ex 
plained as due to a preequilibrium, producing reaction precursors exotherm 
ally, and thus (by le Chatelier’s principle) reducing their activities in Equation 
(2) with rising temperature. It is not likely that the preequilibrium, with an 
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exothermic forward reaction, which concerns us is merely the dissolution of 
hydrogen cloride gas in the polymer particles, because the heat of dissolution 
ean hardly be large enough to depress the apparent activitation energy so 
markedly. If hydrogen chloride were an ideal solute in rubber, we should 
equate this heat of solution to its heat of condensation (into pure liquid HC), 
viz., about 3.5 keal. Even if the true value were twice as great, and two 
separate HC! molecules were required as precursors, the resulting depression of 
the activation energy, 2 K 2 * 3.5 = 14 keal., falls well below the expected 
range. It is thus likely that the effect of a chemical equilibrium is superim- 
posed on the dissolution equilibrium, thus substracting a further substantial 
heat of reaction from the heat of formation of the actual precursors in the 
polymer phase, and thus adding it to the activation energy. This suggests that 
the precursors are ionic, for nonionized derivatives of hydrogen chloride would 
hardly be substantially exothermic. The heat liberated in the formation of 
ions may be called heat of solvation, but little is known about the nature of 
ion solvation in wet hydrocarbon media. 

The various strands of evidence combine to suggest that the rate-controlling 
step is the formation of an uncharged, but not covalent, form of hydrogen 
chloride from ionic precursors. This means that a neutralization step creates 
an ion pair as the reactive species which combined with the rubber. Disregard- 
ing solvation, we write this: 


HY + Cr— (H*, Cr) (3) 


In water, H* is known to be solvated as H,0*, but the high dependence of 
the isothermal! rate of hydrochlorination of rubbers on hydrogen chloride pres- 
sure favors the assumption that H».Cl* is concerned as the positively charged 
precursor in the rubber phase. The concentration of H,Cl* will be governed'® 
by an acidity function Ho. Reaction (3) may thus prove to be more correctly 
written : 

H,Cl* + Cl — (Ht, Cl-) + H — Cl (4) 


The right-hand side of (4), as regards the formation of a reactive ion pair, is 
more certainly indicated by our present kinetic evidence than the precise 
nature of the precursors on the left. Since the main barrier in the overall 
addition of gaseous hydrogen chloride to rubber must be the breaking of the 
H-Cl bond, and since ion pairs are familiar species in media of low dielectric 
constant, the reactive species proposed may be accepted with considerable 
confidence: it presents the rubber with the elements of hydrochloric acid, but 
with the covalency broken. Figure 4 sketches qualitatively the possible energy 
levels for the early steps in the hydrochlorination reaction, up to the reactive 
ion pair (which converts an isoprene unit into its hydrochloride very quickly). 
This sketch brings out the fact that the observed activation energy E is nega- 
tive and constant, leading to a constant rate independent of reaction progress 
at each temperature, while the true activation energy AH* is positive and may 
vary with the reaction progress. Although the energy level of the ionic pre- 
cursors should drop as the dielectric constant of the polymer increases, owing 
to the hydrochlorination progress, the level of the transition state 7’, which 
bears no net charge. remains unaffected. It is to this fortunate circumstance 
that we owe any understanding of this complicated reaction. Figure 4 implies 
that the formation of rubber hydrochloride from gaseous hydrogen chloride and 
rubber must be exothermic to at least the extent of the observed energy of 
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activation (6 keal.), since the energy level of rubber hydrochloride must lie 
below that of the transition state 7. According to Reaction (4), this state will 
not differ greatly from two hydrogen chloride molecules in collision, which 
agrees well with its observed energy level 6 kcal. below the gas, since this repre- 
sents closely the level of two hydrogen chloride molecules regarded as an ideal 
solute (about 7 keal. below the gas). 

In the aqueous phase, ion pairs might well be formed very much more rapidly 
than in the polymer, thus accounting for the fast initial surface reaction. For 
the chain reaction proposed on stereochemical grounds for the latex hydro- 
chlorination of natural rubber®, it has been pointed out that the hydrogen 
chloride must react in a form bearing no net charge with the chain-carrying 
rubber units, in order to leave their charge-type unchanged. The deduction 
of an ion pair as the reactive species, based in particular on the constancy of 
fr with reaction progress, is a welcome confirmation of this. However, ac- 
cording to the nature of the rate control revealed in this paper, no other contact 
between Gordon and Taylor’s stereochemical theory and the kinetic data ob- 
tained to date can emerge; since the rate-controling step (4) is merely a pre- 
liminary to the attack on the rubber, the kinetics are equally compatible with 
reaction chains passing along the polymer molecules, and with nonchain (ran- 
dom) mechanisms. If the specific chain mechanism proposed by Gordon and 
Taylor for natural rubber is correct, very different reaction steps are likely to 
succeed the controlling step (4) in rubber and in synthetic polyisoprene, be- 
cause of the structural differences mentioned earlier. All succeeding steps must, 
in the light of the observed kinetics, occur rapidly with respect to the life-time 
of the reactive ion pair. 

Total Attainable Conversion.—In the past, the hydrochlorination reaction of 
natural and synthetic rubber has always fallen short of stoichiometric conver- 
sion, when judged by the chlorine content of the final product. This is of 
technical importance, because the unchanged double bonds in rubber hydro- 
chloride constitute a source of weakness, e.g., in the aging characteristics of 
packaging films. Van Veersen' obtained higher conversions (up to 98.7 mole- 
per cent) from his natural-latex process than is obtainable in solution (usually 
not more than 90 per cent). The same is evidently true to an even greate: 
extent for synthetic polyisoprene, since we readily obtain 99.5 per cent conver- 
sion with our latexes, which is within experimental error of complete conversion 
D’Tanni’, working with this substrate in solution, did not obtain more than 
83 per cent hydrochlorination and ascribed this to the unreactive nature of 
vinyl groups resulting from 1,2-addition. The high conversion we register 


with our latexes, despite the variable nature of the isoprenic groups present, 
shows that they all react readily with the reactive form of HCI (interpreted as 
an ion pair) formed in the latex process. Moreover, it confirms that the in- 


complete hydrochlorination obtained in other processes with various rubbers is 
not attributable to thermodynamic reversibility of the reaction. Our results 
to date are consistent with the explanation of the premature arrest of the 
natural-latex hydrochlorination in terms of increasingly difficult diffusion of 
hydrogen chloride through the large and increasingly crystalline particle 


SUMMARY 


The kinetics of hydrochlorination of synthetic polyisoprene emulsions, pre- 
pared by new and simple methods, are studied for comparison with the same 
reaction of natural latex. Nearly identical zero-order rate constants apply to 
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both substrates at 300° K and 1 or 2 atmospheres of hydrogen chloride, despite 
differences in the detailed structure of the polymers. The conclusion that the 
substrates are not concerned in the rate control follows, since the rates of chain 
reactions which might give zero-order constants are very sensitive to the detailed 
structure of the polymers. Two initial rate abnormalities are observed. The 
first is shown to be due to a fast surface reaction, the second probably reflects 
the presence of a basic retarder in natural rubber particles only. Similar 
abnormalities of the cyclization reaction, reported earlier, are explained simil- 
arly. 

The effects of energetic factors and concentration on the hydrochlorination 
rate support visualization of the simple rate-determining step as: H* + Cl 
~+ (H*, Cl~) (ion pair), where the proton is probably solvated as H,C*. The 
critical transition state must be uncharged, because the reaction rate is un- 
affected by a change of dielectric constant due to the conversion of rubber 
hydrocarbon into rubber hydrochloride. Existence of the ion pair as reactive 
intermediate confirms Gordon and Taylor’s recent stereochemical theories on 
hydrochlorination of natural rubber. The rapid surface reaction is ascribed to 
the ready formation of ion pairs or similar species in the aqueous phase, and 
the limited range (about 15 A) or the surface reaction to the slow rate of 
diffusion of unchanged rubber units to the surface. 
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INTRODUCTION TO THE MECHANISM OF THE 
HYDROCHLORINATION OF RUBBER * 


MANFRED GORDON AND JAMES 8S. TAYLOR 
DerparTMeENT OF TecunicaL Cnuemiatry, Roya Tecunica, Co_iece, GLascow, ScoTLanp 
The chemistry of the olefin rubber is divided between free-radical reactions 
(vuleanization, oxidation, ete.) and ionic reactions (cyclization, hydrochlorina- 
tion, etc.). The study of ionic reactions has become easier through the dis- 
covery of the acid latex technique', which renders kinetic measurements 
possible’. These reactions are interesting because they tend to be cooperative 
in the sense that adjacent isoprene units are involved together’, a feature due 
to the flexible nature and 1,5-unsaturated structure of rubber. In the cycliza- 
tion reaction the acid catalyst protonates an isoprene unit to the carbonium ion 
(I), which immediately attacks its free neighbor to form a cyclic carbonium 
ion (II). The latter step resembles the fast propagation step in isobutene 
polymerization, is exothermic, and requires no activation energy. The cyclic 
ion (II) can lose a proton to form the stable cyclized rubber structure (IID), 
first deduced by D’Ianni, Naples, Marsh, and Zarney‘, in a slow reaction. 
cH,——C —CH, 
/ . 
Ch, 
Bes ° 
| 


I 


Mechanistic studies on cooperative polymer reactions are thus important be 
cause the may reveal the structure of the units present, their environment of 
neighboring units, and inform us as to the flexibility, coiling and internal molec- 
ular dynamics of the polymer chain. Kinetic measurements for the hydro- 
chlorination reaction of Hevea latex® are to be reported in this and subsequent 
papers. Much of the mechanistic theory concerning the reaction will be de 
duced a priori in the present work on the basis of the detailed and accurate 
crystal-structure determination by Bunn and Garner® of the product rubber 
hydrochloride. The reaction is shown to be an outstanding example of coopera- 
tion; whole sequences of adjacent isoprene units are concerned, three of them 
entering together into a common transition state 

The chief clue for the mechanism comes from Bunn and Garner’s demon 
stration that successive tetrasubstituted carbon atoms along a rubber hydro- 
chloride chain segment lying in a crystal micelle are alternately antipodes, so 
that odd-numbered units along a particular segment may be designated as the 
p-structure, and even ones as the L-structure, thus: 


* Reprinted from the Journal of Applied Chemistry, Vol. 3, pages 537-545, December 1953. 
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CH, Cl 
C—CH.—CH,—CH.—C—CH:—CH:.—CH: 


C] CH; 

(D) (L) 

- — om — — - 
414A 


Phe length of the crystals is estimated to be hundreds of Angstr6ém units, i.e., 
scores of iosprene units. Alternating sequences (DLDLD . . .) comprising 


scores of isoprene hydrochloride units must frequently occur in the polymer 


chains for the growth of such crystals to be possible. 

The original rubber molecule is, of course, free from asymmetric centers. 
The isoprene units cannot be converted into hydrochloride via carbonium ions 
formed randomly along the polymer chain, as is seen by considering the early 
stages of the reaction. The correct acquisition of the p-form by an odd-num- 
bered unit would have to be promoted, with almost unfailing precision, by 
asymmetric induction from a previously hydrochlorinated unit, separated from 
the point of reaction by numerous symmetric isoprene units. An asymmetric 
induction force acting with alternating effect across enormous distances along 
a wriggling polymer-chain is inconceivable. The only alternative is that 
hydrochlorination is a chain reaction, passing along the polymer chains from 
unit to unit like a zip fastener (cf. acetic acid splitting off polyvinyl acetate’). 
This is translated into more precise kinetic terms by focusing attention on the 
repetitive propagation step which must carry the hydrochlorination forward 
along the polymer chain. If a kinetic chain-length of 50 or so successive iso- 
prene units, uninterrupted by a competing random-hydrochlorination process 
is to be ensured, any unit adjacent to one that has previously reacted must be 
several hundred times as reactive to hydrochlorination as one not so privileged. 
This excessive reactivity of a neighboring unit can hardly be due solely to the 
hydrochlorination of a given unit. The addition of hydrogen chloride to a 
double bond would not be expected to increase the addition rate of another 
double bond, four carbon atoms distant, by such a large factor. We deduce 


CH, CH, 
x _CH.- 
CH, CH, Cc CH, 
| \ ( 
— CH,— CH,— C— CH,—CH,-CH,—Cf. \CH—CH,-CH,—C=CH 
Ci—H 
Cl CHy 
(Iv) 
CH,-—— CH, 
CH 
a 5 
CH, oN? t C, CH; 
\ | 
—— CHa— CH,— C— CH,—-CH,—CH,—Ce CH,— CH,- CH,-C =CH— 
| b c 4 | 9 
ci CH, 
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that, at the precise moment at which the first unit establishes it C—Cl bond 
(thus electing its p- or L-configuration), its adjacent unit becomes activated 
by a positive ionic charge to propagate the chain reaction. The electrical 
charge of the activated chain-carrier unit must, of course, be constant from one 
propagation step to the next, in order to preserve the reactivity. Whatever 
assumption we make, therefore, about the charge type of the activated rubber 
unit, the hydrochloric acid must be added as a neutral molecule of HCl. We 
must, then, add the HCl molecule across two isoprene units at a time, leading 
to the transition state (IV), in which the positive charge is seen to flow from 
e to f (see V), thus activating f at the moment the C—Cl bond is formed on the 
preceding unit ate. This picture of the reaction, though much improved, still 
suffers in a milder form from the original difficulty. We are still obliged to 
postulate an asymmetric induction acting across the three methylene groups 
b, c, d, to ensure that the asymmetric carbon atom just created at e in (V) has 
a structure antipodal toa. From what we know about the efficiency of asym- 
metric inductions across chains of CH» groups*, this still seems an excessive 
demand. We cannot, therefore, allow the establishment of a planar carbonium 
ion (with only three bonds) at f at the moment at which e becomes tetrahedral 
by acquisition of the Cl. The two successive centers e and f must become 
stereochemically committed, i.e, tetrahedral, simultaneously. The center f 
must acquire a fourth bond at the same time as e; to what atom is this fourth 
bond of f to be directed? 

Certainly the answer is not a chlorine atom, for this merely shifts the whole 
induction problem along to the next isoprene unit g, and it is inconceivable that 
all the HCI! molecules add to a rubber chain by snapping into position simultane- 
ously. The fourth bond can hardly be directed to anything derived from the 
medium, water or solvent, since the reaction can be carried out in aqueous 
emulsion and various dry solvents under different conditions. The constant 
factor is the rubber, and we must attach the carbonium ion f as soon as it is 
formed, without letting it exist freely, to another iosprene unit of the rubber 
Not only is such a unit generally available at g, but we already know, from the 
discussion given above to the cyclization reaction, that such an attachment is 
normally formed with great ease and speed. The fourth bond of f is thus the 
weak bond that closes the ring in the cyclic ion (II). The notion that rubber 
hydrochlorination and cyclization go through a common intermediate (the 
cyclic ion) is supported by the fact that hydrochlorinated rubber can be directly 
converted by acid catalysis into cyclized rubber at elevated temperature’. The 
transition state (VI), which involves one neutral HC! molecule and three ad- 


jacent isoprene units, has now emerged. The HCI no longer adds across a gap 


between two isoprene units as in (1V), but across the weak bond of a cyelie ion 


CH 
CH, x 


\ Ci—H / 
si ° . “CH 


CH, 
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and since it thus breaks the bond between units A and B, a new ring of the same 
structure is formed between units B and C. The transition state (VI) seems 
necessary to account for the alternation of antipodes in hydrochlorinated rub- 
ber, but is it also sufficient? To answer this, one has to look into the stereo- 
chemistry of the fused-ring structure of transition state (VI), which evidently 
bears a close relationship to a substituted decalin. The large number of appar- 
ently possible isomeric arrangements is reduced by a reasonable assumption. 
It is generally accepted that cyclohexane exists in the so-called chair form”, 
and the same is true of the rings in cis-decalin; also in trans-decalin, where the 
bond common to both rings is the x type’. As a working hypothesis, we 
attempt to fit our decalin transition state to these accepted cis- and trans- 
decalin structures. It might be thought that, since rubber is cis-polyisoprene, 
only cis-decalin comes into consideration. However, when the double bond is 
temporarily opened up to the carbonium ion, inversion might occur in the 
transition state, thus leading to the trans-structure. 

The stereochemistry of the postulated transition state (VI) should show 
sufficient cause for the observation of alternating antipodes in the finished rub- 
ber hydrochloride. Provided that the two rings, i.e., the two successive chain- 
carriers, one of which is just breaking while the other is just making in (VI), 
have the same overall structure (and thus the same reactivity), but are them- 
selves mirror images of each other, the alternation of antipodal quaternary 
carbons after addition of hydrogen chloride is inevitable. (This is unaffected 
by whether or not Walden inversion takes place in the formation of the C—C] 
bond ; for simplicity we can leave this question out of consideration.) 


Me 


Configuration (VII) presents the attempt to fit transition state (VI) to the 
structure of cis-decalin''. Close inspection shows that the two ring moieties 
are not in their free states (see VIII-—X, below, for the trans-structure) mirror 
images, nor even of identical structure. They would, in principle, vary in 
reactivity (rate of hydrochlorination), though it does appear that they would 
give alternating antipodes if the transition states could be achieved in this 
way. Ball models show quite plainly that this is not so because of strong 
steric interference of two substituents, namely the hydrochlorinated rubber 
chain R; and the as yet unchanged rubber chain Re 

Configurations (VIII)—(X) show the application of (VI) to the accepted 
trans-decalin structure" in three stages; (IX) is the transition state proper 
The two successive rings (VIII) and (X), of which the former is breaking and 
the latter making in (IX), are true mirror-image twins of equal reactivity, 
which will inevitably lead to the required alternation of antipodes. Ball 
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models show that (IX) can be achieved with relative ease, especially since some 
increased flexibility should accrue from the simultaneous breaking of one of the 
rings. The result depends on the inversion of the cis-iosprene unit, as seen in 
the positions of Re in (1X) and (X), respectively. We have now shown, not 
only that the fact of alternating antipodes leads directly to the notion of a chain 
reaction with a transition state such as (VI), but that, conversely, the assump- 
tion of the existence of (VI) leads smoothly to the possibility of alternating 
enantiomorphs. 


(mr) (1x) 


Three closely related reactions should be mentioned at this stage. The 
hydrochlorination of balata (gutta-percha), which is the trans-isomer of rubber, 
leads to a product that is not crystalline, and, consequently, is not likely to 
possess a substantial proportion of long sequences of alternating antipodes, as 
found in crystalline rubber hydrochloride. If inversion to the cis-ring-structure 
occurs with balata, analogously with the deduced inversion of rubber to the 
trans-ring-structure, a model shows that the cis-decalin-like transition state 
cannot be achieved owing to steric hindrance, similar to that discussed in con- 
nection with (VII). Consequently the reaction may well occur by random 
conversion of isoprene units with hydrogen chloride, which would account for 
the amorphous nature of the product. 

Synthetic polyisoprene is also known to have an amorphous hydrochloride. 
We have traced the crystallinity of rubber hydrochloride, to which its commer- 
cial success as a packaging film is largely due, to the stereochemistry inherent 
in the long sequences of cis-isoprene units existing in the original rubber. Since 
such sequences are not conspicuous in synthetic polyisoprene, where 1,2- and 
3,4-addition and geometric isomerism impair any semblance of regularity, the 
lack of crystallinity in the hydrochloride is explained. 

Polycyclic (fused-ring) structures are occasionally postulated for the product 
of rubber cyclization”, though Gordon’® has shown from kinetic and other evi- 
dence that they are achieved at most in negligible amount. The reason appears 
to be that the decalin-type transition state (IX) is facilitated sterically, as 
already stated, by the breaking of one bond by hydrogen chloride. In eyeliza- 
tion this facility is absent, and the monocyclic ion survives, without chain 
propagation leading to fused-ring forms, until it is stabilized by the relatively 
slow removal of a proton 

The theoretical reasoning given above needs support from experimental 
work. Kinetic measurements were, therefore, undertaken in an effort (1) to 
characterize the locus of the reaction in latex; (2) to identify as far as possible 
the initiation and termination steps, and (3) to confirm the propagation step 
deduced above, and in particular the participation of un-ionized hydrogen 
chloride. Some measure of success in this endeavor will be reported in later 
papers. The rest of the present paper will be devoted to the description of the 
techniques evolved for making precision measurements on the composition of 
the hydrochlorinated rubbers and on the rate of hydrochlorination. The 
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reproducibility of the kinetics will be established, and the absence of disturbing 
trace-effects will be demonstrated; this is, of course, an essential prerequisite 
for any mechanistic analysis because of the complex nature of the natural latex 
medium. 

A complementary line of research suggests itself in the field of degradative 
studies. It follows from the postulated chain reaction (as distinct from a ran- 
dom one) that long sequences of hydrochlorinated units should be capable of 
isolation from lightly hydrochlorinated rubber. This is analogous to the at- 
tainment of high molecular weights by lightly chain-polymerized (as distinct 
from randomly polycondensed) vinyl monomers. Preliminary degradation 
studies have been unsuccessful, owing to the weakness of the C—Cl bonds 
apparent under degradative oxidation conditions. Because of the current 
interest in block copolymers", it would be valuable if successful structural 
studies of this type were carried out, since partly hydrochlorinated rubber 
evidently falls into this category on the chain-reaction theory given above. 

Bunn and Garner’s z-ray structure analysis, mentioned earlier, was carried 
out on a sample with 20 per cent of the units remaining unhydrochlorinated. 
They could not lie scattered randomly among those that had reacted, as that 
would have prevented crystallization altogether; on the contrary, they must lie 
in relatively long sequencies in the amorphous regions. This supports the 
block-copolymer structure and the chain mechanism of the reaction 


EXPERIMENTAL 


The hydrochlorination of Hevea latex has been followed kinetically by 
density measurements of the purified polymer, after various reaction times, in 
a density-gradient tube essentially by the technique employed before'® for the 
cyclization reaction. A preliminary calibration of density vs. per cent (mol.) 
hydrochlorination of the polymer was thought necessary, and a special semi- 
micro technique for analyzing the chlorine content of pure partly treated rubbers 
was developed, which permitted the specification of the per cent (mol.) reaction 
to 0.5 per cent or closer. 

Chlorine analysis.—A potentiometric titration was used to determine the 
chlorine content of the polymers as chloride ion after oxidative fusion. Poly- 
mer (10-30 mg.) (according to its chlorine content) was weighed in a platinum 
crucible on a semi-micro balance, and 2 g. of fusion mixture was added. This 
consisted of equal parts of potassium nitrate and sodium carbonate, and was 
found to contain only 0.001 mg. of Cl’, for which a correction was made. A 
special ring-shaped resistance-glass burner was designed for melting the fusion 
mixture evenly from the top of the crucible downwards, so that escaping gases 
had to pass through a layer of molten fusion mixture at all times. The crucible 
lid was kept on and too rapid heating, which caused frothing, was avoided. 
When the fusion was completed and the crucible cooled, the contents were dis- 
solved in 50-100 cc. of distilled water in the titration vessel. Concentrated 
nitric acid was added to give a pH of approximately 2, and the electrodes and 
stirrer were immersed in the solution for 10 minutes before beginning the 
titration. The cell: 


Ag | Sample solution || 0.1N-K NO; (saturated with AgCl) | AgCl on Ag 


devised by Yeck and Kissin'*, was included in a simple potentiometer circuit. 
Silver nitrate (0.05 N), standardized against purified A.R. potassium chloride, 
was contained in a weight burette with a finely constricted and waxed nozzle. 
Light pressure was applied through the upper stopcock by means of hand bel- 
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lows, and each successive addition of silver nitrate to the titration vessel was 
made by a quick revolution of the lower stopcock, which produced a jet of solu- 
tion of 5-10 mg.; the voltage was read after each such increment. The burette 
was weighed after each increment in the region of the end-point. A smooth 
sigmoid graph of potential vs. weight of silver nitrate solution was obtained 
Several observers could locate the inflexion point, i.e., the end point of the 
titration, to 5 mg. of silver nitrate solution by eye, provided they used a thin 
glass fiber to outline the best smoothed curve through the experimental points 
The per cent (mol.) hydrochlorination m was found from the chlorine content 
ce by means of the formula: m = 186.8c/(97.2-c). This formula is based on 
the assumption that the purified polymer analyzed for chlorine was free from 
contamination. Nitrogen analyses proved that the final hydrochlorination 
product contained protein, one of the original latex components, in an amount 
less than 0.05 per cent. The reproducibility of the chlorine analysis is shown 
by a pair of duplicate analyses undertaken: sample A, found m = 92.2 and 
92.3 per cent. Its high accuracy is attested by the smoothness of the plot in 
Figure 1 of m vs. reciprocal density. 

Density measurements.—The total density change for full hydrochlorination 
of rubber is 30 per cent of the density of rubber. The polymer density was 
found to be measurable to 0.001 g. per cc. or better, i.e., to 0.3 per cent reaction 
or less. Four separate dumb-bell-shaped diffusion-gradient tubes'’ and a total 
of 19 resistance-glass floats!’ calibrated to 0.0001 g. per ce. were employed to 
cover the whole range. A graph (Figure 1) of specific volume versus m was 
constructed, the analyzed samples being used. Such a plot has no theoretical 
significance, as per cent (weight) is the significant variable for packing studies", 
but it is convenient here for finding m of unanalyzed samples by interpolation, 
because it happens to consist of two linear portions (meeting at a kink). In 
general, 5-10 mg. of polymer, purified as described later, was placed between 
two glass slides and pressed by means of spring-loaded clips in a 100° steam 
bath. The resulting film was cut cleanly into l-mm.’ portions, which were 
transferred to the appropriate gradient tube and the density found, hence m 
from Figure 1. 

Kinetic measurements.—Dunlop 60 per cent (centrifuged) latex was com- 
pounded with 1.5 per cent calculated on the rubber content of latex, of Vul- 
castab-LW, an ethylene oxide condensation type of nonionic stabilizer, and 
acidified with concentrated hydrochloric acid Samples (200 mg.) of this 
compounded latex were treated under controlled conditions of hydrogen chloride 
pressure and temperature and for measured times. The microreactor described 
below was designed for high speed of starting and stopping the reaction, and 
for the avoidance of frothing and other difficulties attending the use of large 
amounts of latex at a time. Figure 2 shows the reactor employed when the 
rubber latex was hydrochlorinated under pressure. The small (2.5-ce.) flask 
A contains 200 mg. of latex (20 mg. would be adequate for kinetic measure 
ments), and a glass-sheathed iron stirrer revolved by the magnet B. The 
hydrogen chloride generator C contains sulfuric acid and sodium chloride, and 
the mercury lute D acts as a manometer. The latex is frozen at 70°, and the 
whole system is evacuated. With stopcock FE closed the system is filled with 
hydrogen chloride gas to atmospheric pressure, and again evacuated. The 
pressure of hydrogen chloride is next built up to 2 atm. by generating more 


gaseous hydrogen chloride and adding the requisite amount of mercury to the 
lute D. The reaction is started sharply by immersing the reaction flask A in 
the thermostat, when the latex melts, becomes stirred and saturated with 
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Fie. 1 Specific volume 1/p, at 300° K against per cent (mol.) hydrochlorination, m 


hydrogen chloride in a few seconds, if care is taken to generate enough gas to 
compensate for that absorbed by the latex. Excess of gaseous hydrogen 
chloride bubbles away through the lute D during the reaction. The reaction is 
stopped sharply, when required, by applying vacuum at E, when the latex 
froths up to fill the reactor flask A, which is opened for prompt transfer of the 
latex into 100 cc. of boiling water. The polymer is thereby flocculated to fine 
particles. The polymer is filtered off and washed with distilled water in an 
enclosed No. 4 sintered-glass crucible through which nitrogen is blown to 


minimize danger of oxidation. With the more lightly hydrochlorinated 
samples, which are in a rubbery condition, the particles are allowed to form a 
thin mat on the smooth sintered-glass base, and the water is drawn through this 
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Microreactor for hydrochlorination under pressure 
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matted structure before it is cleanly and carefully removed from the filter. The 
purified polymer is thoroughly dried and stored under high vacuum, before its 
density (and hence m) is measured. 

For runs with hydrogen chloride at atmospheric pressure, the continuous 
generator due to Libman” is employed. About 4 cc. of iatex is then used in a 
reactor with a side-arm for withdrawal of samples for flocculation at several 
different times 

RESULTS OF KINETIC MEASUREMENTS 


The graph (Figure 3) presents the combination of points from 17 runs at 
300° K and 1 atm. of hydrogen chloride. There is reason to be satisfied with 
the smoothness of the kinetic plot defined by these points, which indicates a 
reproducibility far from common in polymer reactions. A number of features 
can thus be picked out whose general pattern is repeated over a 70-fold variation 
in rate achieved through changes in temperature and pressure. These are 
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hia. 3.—Rate curve for hydrochlorination of Hevea latex at 300° K and | atm 


(1) a small initial jump (2.5 per cent in Figure 3), i.e., an initial reaction of a 
small percentage of rubber units which are very rapidly hydrochlorinated; (2) 
a slow linear portion with slope k’, followed by «a sharp kink; (3) a fast linear 
portion with slope k, which covers 60 per cent or more of the total reaction; and 
(4) a rapid decrease in rate as the reaction comes to a standstill well before 
stoichiometric completion. The conversion we have observed, after 77 hours 
at 300° K and | atm., was m = 93.5 per cent (mol Van Veersen® has ob- 
served up to 98.7 per cent (mol.) conversion 

A similar pattern of features for 300° K and 2 atm. is shown in Figure 4 
The main rate k is nearly ten times as fast as that at | atm. (Figure 3). Since 
the equilibrium concentration of hydrogen chloride in the latex serum varies 
only by a few per cent between these two plots, the rate increase observed dem- 
onstrates the enormous sensitivity of the rate to concentration of hydrogen 
chloride. This is paralleled in the sensitivity of the cyclization rate to acidity’ 
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unfortunately, data are not yet available for comparison of Hammett’s acidity 
function over the range of hydrogen chloride concentrations employed. 

Various labelled points have been included in Figure 4 to exhibit the free- 
dom of the measured rate from chance effects. 

No effect was expected from the stirring rate, provided this exceeded a 
certain minimum. Identical kinetic results had been obtained in preliminary 
experiments in a reaction bulb rotating about a horizontal axis, but not other- 
wise stirred. Some points (not shown) prove that a doubling of the usual 
stirring rate left the reaction rate unaffected. At reaction rates k approaching 
200 per cent (mol.)/hour stirring effects become difficult to avoid. To main- 
tain the rate of absorption from gas to liquid at that speed in our reactor re- 
quires a minimum stirring speed at which mechanical coagulation becomes 
troublesome. Transport control of the measured reaction rates seems intrinsi- 
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Fic. 4.--Rate curve for hydrochlorination of Hevea latices at 300° K and 2 atm 


@ Norma! stabilized Dunlop latex (1.5% of stabilizer, Vulcastab LW, on dry rubber 
Additional stabilizer (4.5% of stabilizer on dry rubber) 

4 Creamed late; (1.5% of stabilizer on dry rubber) 
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cally unlikely, the shape of the graphs (Figure s3, 4) being characteristic rathe1 
of chemical rate control. 

More important are the experimental points obtained from an alginate- 
creamed latex, in which the serum components, and all components adsorbed 
on the rubber particles in sufficiently mobile equilibrium, were reduced to less 
than one-fifth in concentration. As the rate is practically unaffected, one may 
conclude that any retardation of the chain reaction invoked to account for the 
slower rate k’ before the full rate k sets in can be due only to a retarding sub- 
stance inside the rubber particles themselves. In particular, the nonionic 
stabilizer (Vulcastab-LW), the most important single sulute in the serum and 
on the rubber surface, is shown to have no influence on the rate, since a three- 
fold increase in its concentration gave the points shown, which lie very close to 
the normal curve. The points, equally near the normal curve, obtained with 
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standard Revertex latex are of importance. Not only does this demonstrate 
the reproducibility of the rate of hydrochlorination of latex from different rub- 
ber plantations, but also the absence of rate effects due to the much higher 
serum solids concentration in the Revertex latex, which is concentrated by 
evaporation rather than by centrifuging. 

Finally, experiments not included in the graph showed that the reaction 
could be interrupted by dilution with water, and later resumed at the normal 
rate by resaturation with hydrogen chloride at the original pressure. This 
proves that it is not possible to interfere with the chain reaction by simply 
destroying (by interaction with water) the carbonium ions existing at a given 
moment. 

A more detailed interpretation of these kinetic measurements will be pub- 
lished shortly. 

SUMMARY 


The mechanism of rubber hydrochlorination is discussed in the light of the 
known crystal structure of rubber hydrochloride. The coiling of a rubber 
chain segment into a trans-decalin-shaped transition state is shown to be nec- 
essary and sufficient to explain the alternation along the polymer chain of p- 
and L-asymmetric carbon atoms, each separated from the next by three CH» 
groups. As a preliminary to kinetic analysis, techniques are described for 
precise measurements of the degree of hydrochlorination of latex at various 
times of reaction. An analytical technique defines the reaction progress to 
0.5 per cent, and serves to calibrate a diffusion-gradient method of following the 
reaction by density change. This method is at least equally sensitive, but more 
convenient. Despite the complexity of the natural-latex medium, the reaction 


kinetics are shown to be reproducible and free from uncontrolled effects. The 
reaction is rate-controlled chemically rather than by transport. The main part 
of the rate curve consists of two straight-line (zero-order) portions meeting at 


a kink. 
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RELATIONSHIP OF OXYGEN TO THE ACTIVITY OF 
GR-S RECLAIMING AGENTS * 
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The appearance of increasing percentages of GR-S vulcanizates in the scrap 
offered to the modern reclaimer has made it necessary for him to supplement 
the meager data in the jiterature with the results of his own experiments. The 
necessity for additional data has been made more acute because of two main 
differences between natural rubber and GR-S vulcanizates. The GR-S scrap 
does not soften so rapidly as natural rubber scrap, with the oils and procedures 
used in the past. In addition, heat and oxygen, except under special circum- 
stances, tend to harden GR-S vulcanizates, and to soften natural rubber vul- 
canizates. The purpose of this study was to uncover some additional evidence 
concerning the effects of oxygen on the reclaiming of GR-S vulcanizates, and to 
correlate the data with the various types of reclaiming aids used such as swelling 
liquids, softening oils, and chemical reclaiming agents. 

Bolland' has reviewed the mechanism of oxidation of olefins related to rub- 
ber, while Farmer’, Dogadkin and Tarasova’, Kendall‘, and Shelton and Cox® 
recently have discussed the mechanism of oxidative degradation of GR-S and 
natural rubber vulcanizates. Le Beau® and Hader and Le Beau’ have con- 
sidered the effects of oxygen and of various reclaiming agents in natural and 
synthetic vulcanizates 

In previous communications in this series on reclaiming, Cook and co- 
workers® discussed the role of oxygen in reclaiming and postulated a connection 
between oxidation and the mechanism of action of the alkylphenol sulfide re- 
claiming agents. Webb and coworkers’ described reclaiming activities of sev- 
eral N,N-dialkylarylamine sulfides which were active in both caustic and neutral 
processes. Ambelang and Smith'® described the reclaiming activity of alkyl- 
phenol sulfides, dialkylarylamine sulfides and long chain primary aliphatic 
amines on nonsulfur-cured GR-S and gave some oxygen analytical and absorp- 
tion data to clarify further the picture of the action of these chemical reclaiming 
agents and their relation to oxidation 

Le Beau", Palmer and Kilbourne”, Davey", and Winkelmann" have re- 
lated solvent extraction to reclaim quality and to oxidation. In general, the 
short chain more highly oxidized degradation products were thought to be solu- 
ble in acetone, whereas the higher molecular-weight degradation products were 
soluble in subsequent chloroform extraction. The extent of unreclaimed ma- 
terial and, therefore, the effectiveness of a reclaiming process could be meas- 
ured by the amount of insoluble residue from the extractions by acetone fol- 
lowed by chloroform 

With these ideas in mind, tests were designed to indicate the activity of 
oxygen on a GR-S gum vulcanizate in the presence of the three main types of 


* Reprinted from Industrial and Engineering (hemistry, Vol. 46, No. 8, pages 1721-1726, August 1954 
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commercial reclaiming aids: (1) swelling solvents, such as medium boiling coal- 
tar fractions; (2) so-called softening oils, such as high-boiling aromatic and 
aliphatic distillation products; and (3) chemical reclaiming agents, such as the 
alkylphenol sulfides. Weighed samples of cured GR-S gum vulcanizate were 
subjected to complete immersion (wet conditions) or to imbibition (dry condi- 
tions) of a certain percentage of each of the three types of reclaiming aids, under 
nitrogen or oxygen atmospheres, and under controlled conditions of time and 
temperature. Activities of the reagents were determined by the separation 
and analyses of the insoluble portions of the vulcanizates after acetone and 
chloroform extractions. 


MATERIALS AND METHODS 
The GR-S gum vulcanizate used had the following characteristics: 


Parts by 

weight 
GR-5 100 
ZnO 3.0 
Stearic acid 1.0 
Sulfur 4.0 
2-Mercaptobenzothiazole 1.0 
Cure at 149° C in 4-inch slabs (min.) 80 
Modulus at 300% elongation (lb./sq. inch) 150 
Tensile strength at break (Ib./sq. inch) 175 
Klongation at break (%) 353 


Combined sulfur determinations by ASTM methods", direct oxygen analy- 
ses'® and total ASTM acetone and chloroform extracts'® were obtained on the 
vulcanizate samples before and after treatment with the various types of re- 
agents as described below. The three reagents used were 


1. CTN2, a commercially available coal tar naphtha, with the following 
characteristics : 


Initial b.p. (° C) 164 

5 171 
203 
276 
292 

Specific gravity at 25° C 0.878 

Mixed aniline point (ASTM D611-47T) (° ©) 14 

Acid heat rise (Xylos Rubber Co. method) (° C) 12 


2. ARO, a commercially available aromatic-base reclaiming oil, with the 


following characteristics : 


Initial b.p. (° C) 255 
59 266 
336 
351 


Residue 307, 
Specific gravity at 25° C 1.041 
Acid heat rise (° C) 7.6 


3. Xylex-1, a chemical reclaiming agent melting at 206° C, 4,6-di-tert- 
butyl-3-methylphenol sulfide*. Commercial mixtures containing this material 
are available!’ 
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The two gases used were Cleveland Wire Co. commercial lamp grade 
nitrogen, found to contain less than 0.1 per cent of oxygen; and Air Reduction 
Co. oxygen. Inthe high oxygen runs, the samples were exposed to oxygen dur- 
ing the reaction period of 168 hours at 40°C. During the low oxygen runs and 
during all extractions and handling for both low and high oxygen runs, the 
samples were kept under an atmosphere of nitrogen 











ia Apparatu 


The ‘wet’ and “dry” runs were performed as follows 


In the wet run, an excess of liquid reagent was used to completely cover the 
sample and to flow over into the outside extraction tube forming a reservoir of 
outside liquid. This amounted to approximately 1700 parts of liquid to 100 
parts of vulcanizate. The CTN2 was used without modification, the ARO was 
used as a 20 per cent solution in CTN2, and the Xylex was used as a 10.6 per 
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cent solution in CTN2, slightly less than the maximum solubility of this sub- 
stance in the CTN2 at 40° C. 

In the dry run, 25 parts of the CT N2 and ARO were used for 100 parts of the 
vulcanizate, while the Xylex was used as 10 parts added to 25 parts of CTN2 
All parts were by weight. These were distributed in the stock by benzene 
which was removed immediately under vacuum and nitrogen treatment. This 
was necessary in order to give an even distribution of the reclaiming aids over 
the particles of the GR-S gum vulcanizate. 

A pparatus.—An all-glass vessel was constructed to give adequate control of 
the experiments (Figure 1). It consisted of three main parts connected by 
ground-glass joints: a dropping funnel attached to the top of a condenser, 
which was in turn connected to the top of a large test-tube containing a smaller 
test-tube. A long funnel was placed in the small test-tube 


1. Dropping funnel A was controlled by a three-way stopcock, B. The 
bottom tube, C, of the stopcock: was enclosed in sleeve, D, bearing a side tube, 
E, near the top to remove trapped gas. The bottom of the sleeve bore a ground- 
glass surface, F. The top, G, of the dropping funnel! was cut off from the air by 
a flexible Neoprene cover, H. 

2. Connected to the bottom, F, of the sleeve was a drip tip, 7, water-jacketed 
condenser, J, terminating in ground-glass surfaces K and L 

3. The condenser was inserted in the top, M, of large test-tube NV, bearing 
a ground-glass surface at top M and an outlet tube, O, and stopcock, P, at the 
bottom. In this long tube, V, was placed a narrow test-tube, Q, bearing the 
sample, S, confined by glass-fabric plugs, R, at the top and bottom. A long- 
stemmed funnel ran through the sample and the plugs to transfer all liquid from 
the condenser to the bottom of the sample. 

When it was desired to pass a gas through the sample or to push liquid up to 
the dropping funnel, a narrow glass tube, U’ (shown by dashed lines), was con- 
nected with Neoprene tubing to the mouth, V, of the bottom funnel and to the 
drip tube, C, of the dropping funnel. 


By means of this apparatus, a 5-gram sample eculd be submitted to reflux- 
ing, filtering, extracting, and washing without removal from the apparatus. It 
could be dried by vacuum of by passing a dry gas through the sample while in 
the constant-temperature bath. Either a liquid or gas could be introduced 
into, or removed from the system at the top or bottom. Any leaks or changes 


in pressure showed up first as a change in shape of the Neoprene cover on the 


dropping funnel. When pressure was used, the glass joints were wired tightly 
in the customary manner. 

Liquids were boiled, then placed in the dropping funnel, where they were 
blown with the desired gas to free them of unwanted gases. When it was nec- 
essary to open the apparatus to remove the sample tube or to attach or remove 
the narrow tube connecting the two funnels, the apparatus was kept flooded 
with the desired gas. While the sample tubes were being removed, they were 
covered with a Neoprene diaphragm until they could be placed in a large trans- 
parent plastic envelope flooded with nitrogen, where they were opened and the 
solid portions removed for analyses. Tight armholes in the envelopes were 
provided for the operator. The analytical sample bottles were kept under 
nitrogen at all times and provided with inlet and outlet tubes so that they could 
be flooded with nitrogen while removing portions for analyses. 

Procedure.—Samples consisting of 5 grams of the cured stock, broken into 
particles of approximately l-mm. diameter by passing three times through a 
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cold, tight mill, were placed around the funnel in a sample tube as previously 
described. Air was displaced by the desired gas followed by alternately evacu- 
ating and admitting oxygen or lamp-grade nitrogen as desired. The assemblies 
then were immersed to the top of the sample in a stirred constant-temperature 
water bath. Reagents were added and the treatment was continued for 168 
hours at 40° C, (temperature of the sample). Nitrogen (or oxygen) was passed 
through the samples at equal rates, only during a 20-minute period at the begin- 
ning of each of the 7 days. At the end of each blowing period, the liquid which 
had been pushed out of the sample was returned to fill the sample tube by sud- 
den bursts of the gas being admitted at the bottom of the large outside tube 
This threw the liquid up into the condenser, where it drained back into the 
funnel leading to the bottom of the sample 

The extractions with acetone and chloroform were carried out under nitro- 
gen in the same apparatus. No gas was blown through the sample after the 
first flushing. Before the extractions were made, the mother liquor was blown 
out and treated separately. The samples were extracted 100 hours with 
freshly distilled acetone, then 100 hours with freshly distilled chloroform, at 
which point no further loss in weight on extraction could be observed in a test 
run. Some difficulty was experienced during the extractions, due to the fact 
that, as the solubles began to build up in the extracting liquid in the outside 
tube, the boiling point was raised above that of the freshly condensed solvent in 
the sample tube. This was remedied by replacing the extracting liquid with a 
fresh supply. The bath temperature was raised during extractions to give 
vigorous refluxing of the extracting liquids. The solubility was determined by 
the total loss of weight of the sample at the end of the extraction, making a cor- 
reaction for any portions previously removed for analyses. Analyses were ob- 
tained of the insoluble products from duplicate initial 5-gram samples of GR-S 
vulcanizate, each pair being carried through treatment with reclaiming aid, 
separation of solid products, extraction with acetone, and final extraction with 
chloroform. All these operations were carried out for individual samples under 
the specified atmosphere of either pure nitrogen or pure oxygen 

In some additional runs (not reported here) on another series of more volatile 
compounds, it was possible to evaporate the filtrates and extracts for checks on 
the accuracy of the solubility data, but the reagents used in the present work 
were too high boiling for removal by evaporation. No precipitating liquid 
could be found which would quantitatively remove the soluble portions of the 
vulcanizate from the mother liquors. 


RESULTS 

The data in Table I are the results of single analyses of the products of indi- 
vidual experiments, duplicated in pairs, each experimental run having been 
carried through the indicated treatment. 

The relationships between oxygen analyses, type of treatment, and type of 
reagent used are shown in Figures 2 to 7. The points graphed are the means 
of the duplicate experiments. The boxes around each point are determined by 
the significant differences between means at the 95 per cent level of probability, 
calculated from the standard deviations, Table II. Figures 2 to 4 show the 
oxygen contents of the insoluble residues after removal of the acetone extracts 
related to the acetone solubilities. In Figures 5 to 7 the oxygen contents of the 


corresponding insoluble residues after chloroform extraction are related to the 


total acetone-plus-chloroform solubilities 
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The experiments carried out under nitrogen, whether under wet or dry 
conditions, showed no significant differences between the oxygen contents of the 
extracted residues either after the acetone (Figure 2) or after the chloroform 
(Figure 5) extractions. Acetone extraction of the original cured stock (the 
blank under nitrogen) removed about one-third of the original oxygen content, 
probably as soluble oxygen-containing compounds; subsequent chloroform 
extraction, although removing an additional equal amount of soluble organic 
material (6 per cent), did not change the oxygen content significantly. The 
ordinary ASTM extraction of the original vulcanizate, carried out in the pres- 
ence of air, showed no evidence of further oxidation, either by increased oxygen 


TABLE I 


ANALYSES OF Dupuiicate GR-S VuLcanizates TREATED 
WITH RECLAIMING AIDS AND EXTRACTED 


Residue after extraction 


extract Combined 
> soluble sulfur (Be) (% Oxygen 


No reclaiming treatment 


Control (untreated stock) 


ASTM extraction under air 


Acetone extracted 2.73 
Acetone and chloroform extracted 8.55 2.84 


Reclaiming treatment under nitrogen; acetone extraction under nitrogen 


Blank (no reclaim aid) 1.65 2.77 
Wet runs with 
CTN2 7.51 
7.36 
ARO 1.05° 
1.00" 
X ylex 6.83 
6.88 
Dry runs with 
CTN2 6.92 
6.64 
ARO 5.09 
5.89 
Xylex 8.13 
7.61 


17 1.92 
47 2.53 
13 2.08 


NWNHNNKHW 


Reclaiming treatment under oxygen; acetone extraction under nitrogen 


Blank (no reclaim aid) $.07 
Wet runs with 

CTN2 9.74 

9.08 

ARO 10.13 

9.75 

X ylex 11.92 

11.17 


Dry runs with 
ITN2 5.69 
5.87 
ARO 6.87 
6.51 
Xylex 10.82 
10,59 
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Taste I—Continued 


Reeidue after extraction 
a tet z ‘ 


Extract Combined 
Sample (% soluble sulfur (Sc) (%) Oxygen (%) 


Reclaiming treatment under nitrogen; consecutive acetone and chloroform 
extractions under nitrogen 


Blank (no reclaim aid) 10.81 2.82 1.89 
Wet runs with 
CTN2 11.05 2.47 2.07 
10.85 2.70 2.38 
ARO 4.04° 2.35 1.86 
4.39° 2.40 1.62 

Xylex 14.22 2.60 1.89 
13.61 AZT 1.95 

on’ runs with 
ITN2 12.18 2.16 2.60 
11.67 / 2.59 
ARO 12.76 j 2.64 
15.23 2. 3.12 

Xylex 11.49 2. 2.92 
12.8] ay 2.46 


Reclaiming treatment under oxygen; consecutive acetone and chloroform 
extractions under nitrogen 


Blank (no reclaim aid) 6.84 2. 2.16 
Wet runs with 

CTN2 14.81 2. 3.30 

13.07 2.56 4.50 

ARO 16.70 56 2.61 

17.01 x 2.00 

Xylex 22.44 f 2.34 

21.27 2. 2.53 


Dry runs with 


9,21 2.00 8.70 

8.98 2.13 8.33, 9.15 

ARO 12.84 2.22 4.95 
11.18 2.18 5.70 

X ylex 18.76 2.20 5.03 

19.49 8.17 5.17 


« Figures are not significant because of precipitation of insoluble asphaltic material 


content or increased solubility. The chloroform solubility actually was slightly 
less than that of the blank, perhaps indicating a slight amount of oxidative 
cross-linking during the chloroform extraction in the presence of air. Compared 
to the controls, the treatment with the various reclaiming aids for 168 hours at 
10° C under nitrogen, although producing no significant changes of oxygen con- 
tent, did show a slight but definite trend toward a higher solubility figure, both 
in acetone and in chloroform. The fact that the chloroform extraction removed 
a definite amount of soluble material from the treated samples without remov- 
ing oxygen, indicated that the oxygen already present in the stock was not 
utilized in the solubilization. The slightly increased solubility may have rep- 
resented utilization of the small amount of oxygen in the nitrogen or in the re- 
claiming aids, but, more probably, a small amount of attack by the reclaiming 
reagents themselves on the vulcanizate, over and above that produced by 
acetone and chloroform, under the experimental conditions employed. There 
appeared to be no definite superiority of one reagent over another in this slight 
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amount of attack under nitrogen, although the alkylphenol sulfide (Xylex) 
tended to be among the most active, both for acetone and chloroform solubility 

When a comparison of the results obtained in the absence of oxygen was 
made with duplicate experiments carried out in the same manner, except that 
the nitrogen atmosphere was replaced by oxygen, Figures 3, 4, 6, and 7, con- 
siderable differences were observed at once, particularly between the different 
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Fig, 2.—Reclaiming treatment under nitrogen; wet and dry conditions 
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ACETONE PLUS CHLOROFORM SOLUBILITIES OF TREATED 
GR-8 VULCANIZATES 
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reclaiming aids and between each of these and the blank. The acetone and 
total acetone-plus-chloroform solubilities of the blank in the oxygen atmos- 
phere became slightly less than for the original stock, with a slight increase in 
acetone-insoluble oxygen. In contrast, the stock exposed to the alkylphenol 
sulfide reclaiming agent increased markedly in solubility, the increase being 
divided about equally between additional acetone-soluble and chloroform- 
soluble products under both wet and dry conditions. The ARO and CTN2 
showed slightly but significantly increased solubilities under wet conditions 
(the ARO solubilities under nitrogen being estimated as being between those 
of the other reagents) and unchanged or slightly decreased solubilities under 
dry conditions. Hence, the alkylphenol sulfide reclaiming agent required 
oxygen in order to produce results essentially different from the other types of 
reclaiming aids; and, given the presence of oxygen, this reclaiming agent was 


TABLe II 
STANDARD DEVIATIONS AND SIGNIFICANT DIFFERENCES 
FoR Dup.LicaTe EXPERIMENTS 
(Analyses of duplicate GR-S vulcanizate samples treated with reclaiming 
aids and followed by extraction) 


Signif 
icant dif 
ferences 
between 

means 

No at 05% 

dupli- Standard Degrees level 
cate devi of free prob- 
experi- ation dom Critical ability 

ments a Sf t value (aa 

Acetone extraction 

Combined sulfur (%) 12 0.0673 12 2.179 0.147 
Oxygen (%) 12 0.287 12 2.179 0.625 
Soluble (%) 1] 0.327 11 2.201 0.720 


Consecutive acetone and chloroform extractions 


Combined sulfur (%) 12 0.107 2.179 0.233 
Oxygen (%) 12 0.355 2.179 0.387 
Soluble (%) 11 0.862 2.201 1.90 


“a4 = « where 2 is the standard deviation of 12 or 11 duplicated experiments and aq is the standard devi 
ation of the difference between means of two sets of duplicates 


outstanding in producing soluble, lower molecular-weight fragments from the 
vulcanizate. The relative amounts of low, medium, and high molecular- 
weight products could vary, of course, with the severity and extent of treat- 
ment. The wet conditions of the experiments appeared to be somewhat more 
effective than the dry conditions in producing soluble products, perhaps be 
cause there was more reagent present. 

Remarkably enough, the activity of the oxygen in conjunction with the 
alkylphenol sulfide reclaiming agent was accomplished without increase of 
oxygen content of the insoluble portions of the vulcanizates during the treat 
ment period, as shown by lack of increased (actually equal or slightly lower) 
oxygen contents of the insoluble residues from the acetone extracts (Figures 4 
and 4) and of the insoluble residues from the Xylex and ARO treatments after 
chloroform extraction (Figure 6). Only CTN2 showed a slight tendency 
under wet conditions (Figure 6) to allow oxygen to enter the insoluble vuleani 
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zate during chloroform extraction, the oxygen presumably coming from leakage 
of air to the sample before analysis. 

The chloroform extracted samples, Figure 7, previously treated under dry 
conditions and previously acetone-extracted, form a special group, experimen- 
tally. These samples were accidentally exposed to an atmosphere of oxygen, 
instead of nitrogen, for about 15 minutes during the drying period after chloro- 
form extraction. The rise of oxygen contents of the insoluble residues was 
spectacular. The solubility figures presumably were unaffected, since the 
exposure to oxygen occurred after the chloroform extraction under nitrogen 
was completed. 

The ordinary extractions (extractions and drying operations carried out in 
air) of the original vulcanizate did not produce any marked sensitivity to 
oxygen; hence, the sensitivity must have been produced by the treatment with 
the reclaiming oils and agents. The blank was not exposed to the atmosphere 
of oxygen with the other samples of this group; hence, the oxygen content of the 
blank after acetone extraction, compared with the oxygen contents of the ace- 
tone extracted residues, showed the amounts of oxygen which were introduced 
during the brief exposure period. The greater sensitivity toward entrance of 
oxygen into the sample previously treated with CTN2 under dry conditions 
was evident, and probably explains the extreme sensitivity in picking up stray 
oxygen during chloroform extraction by the CT N2 wet-treated sample (Figure 
6) 

The fact that no oxygen was picked up in the other experiments probably 
indicated a fairly good control of oxygen exclusion in the atmosphere during the 
various treatments and extractions under nitrogen. 

The sensitivity to oxygen of the treated, extracted samples of these experi- 
ments may have a parallel in the known sensitivity toward oxidation of some 
commercial reclaims after the digestion or treatment period, especially during 
the drying and refining operations. Under the conditions of the present experi- 
ments and, perhaps, to a lesser extent in some commercial reclaiming operations, 
the oxidative scission and oxygen pickup reactions appeared to be separated by 
the experimental conditions. During the initial treatment period in the pres- 
ence of the reclaiming oils and reclaiming agents, these materials acted to pro- 
mote scission of the vulcanizate, without any apparent increase in oxygen con- 
tent. However, reactive centers were left in the vulcanizate fragments, which 
were extremely reactive toward oxygen at a later step in the procedure (par- 
ticularly after extraction), when dry contact of the final product with oxygen 
was established. Oxygen pick-up appeared to be the main reaction at this 
later stage of the process. 

Examination of the combined sulfur values of the acetone extracted stocks 
showed no significant differences from the original stock in sulfur content dur- 
ing the treatment under wet conditions with the exception of a possible slightly 
lower sulfur content for the oxygen-treated samples. However, these slight 
differences disappeared in subsequent chloroform extraction. The dry condi- 
tions definitely loosened a small amount of sulfur, so that it was removed by 
acetone. 

Examination of the combined sulfur values after chloroform extraction 
showed that no significant change of combined sulfur had occurred in the 
samples treated by the wet conditions under either nitrogen or oxygen and that 
there was a significant loss of about 30 per cent of the combined sulfur from the 
samples treated by the dry conditions under both nitrogen and oxygen. This 
loss of combined sulfur was constant within limits of experimental error and 
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appeared to depend only on the physical conditions of the experiments, that is, 
the dry conditions as opposed to the wet conditions. The sulfur loss was 
independent of the presence of oxygen or nitrogen. It also was independent of 
the reclaiming aid used, exactly the same results being obtained with CTN2, 
ARO, and the Xylex combinations. 

A natural assumption might have been that the sulfur loss was connected 
with oxygen contact or with the activity of reclaiming aids by any one of several 
mechanisms. However, it is evident that the sulfur removal bore no relation 
to the oxygen content and was not significant under wet conditions. 

The sulfur apparently was removed, not as free sulfur, which should have 
been removed entirely in the acetone extraction, but as organic sulfur com- 
pounds, part of which were insoluble in acetone but were soluble in chloroform. 
There is no evidence to indicate any connection between the sulfur removed 
and either the destruction of cross-links or the oxidative scission of the vul- 
canizate, as shown by the solubilities in acetone and chloroform. Why the 
dry conditions should produce this result in contrast to the wet conditions is not 
clear, the chief experimental differences being the employment of lower pro- 
portions of agents, no one of which is common to all the dry condition experi- 
ments. 

The loss of sulfur from this weak GR-S gum stock is in contrast to the results 
of Cook and coworkers® who used a GR-S tread stock containing about 50 parts 
of reinforcing carbon black and having good tensile strength. The tread stock 
did not lose sulfur under standard pan-heater reclaiming conditions and subse- 
quent extractions. The removal of sulfur from the GR-S gum stock correlates 
with the low physical properties and the evident lack of efficient cross-linking, 
in spite of the combined sulfur. In the gum stock, sulfur may be combined in a 
different manner (in part), which makes it more easily separable than the com- 
bined sulfur of the carbon black-reinforced tread stock, which exhibits high 
physical properties, efficient cross-linking, and no loss of sulfur during reclaim- 
ing or subsequent extractions. 

CONCLUSIONS 


Cook and coworkers® concluded that the alkylphenol sulfide reclaiming 
agents probably aided the oxidative scission of rubber vulcanizates. This con- 
clusion was based on the known effects of oxygen in reclaiming and the catalysis 
by some sulfides of certain dehydrogenation reactions and was supported by the 
following additional experimental evidence : 


1. Combined sulfur was not removed from a GR-S tread stock in the pres- 
ence of an alkylphenol sulfide reclaiming agent, but actually increased slightly 
during the reclaiming process. 

2. Alkylphenol sulfoxides as well as sulfides were active reclaiming agents, 
whereas the more stable sulfones were relatively inert 

3. The chloroform extracts of the uncured and cured reclaims increased 
regularly with increase in concentration of the alkylphenol sulfide reclaiming 
agent. 

4. The alkylphenol sulfide reclaiming agent was somewhat effective in re- 
claiming certain p-benzoquinone dioxime-cured GR-S and butyl vuleanizates 


Later, Ambelang and Smith”, although repeating the observations of Cook 


on p-benzoquinone dioxime-cured GR-S, has shown that more efficiently cured 
nonsulfur GR-S vulcanizates were affected slightly, or not at all, by the alkyl- 
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phenol sulfide or arylamine sulfide reclaiming agents, when used in the usual 
manner in either neutral or caustic reclaiming processes. Hence, the cross- 
links and, more particularly, the sulfur cross-links, rather than the hydrocarbon 
chains between cross-links, presumably were the most important points of 
attack during the reclaiming process on the usual sulfur-cured vulcanizates. 
On the other hand, nonsulfur cured GR-S was effectively reclaimed in the pres- 
ence of a long chain primary aliphatic amine; presumably, the cross-links (non- 
sulfur in this case), also were the most important points of attack, but oxygen 
appeared to play no major role in this process. 

Ambelang could find no correlation between the oxygen absorption of GR-S 
vuleanizates, measured by the method of Shelton and Winn", and the suscepti- 
bility of these vulcanizates to reclaiming. However, Ambelang did find that a 
significant increase of the oxygen content of the reclaim was observed when GR-S 
vuleanizates had been successfully reclaimed in the presence of an active alkyl- 
phenol sulfide reclaiming agent, but no such increase in oxygen content could 
be found when reclaiming activity was nil or low, either in the presence or 
absence of reclaiming agent. Hence, Ambelang’s results also tend to establish 
an experimental connection between alkylphenol sulfide reclaiming agent, in- 
crease of oxygen content, and reclaiming attack. An oxidative scission at the 
sulfur cross links is indicated to be a primary reaction in the reclaiming of sulfur 
vulcanizates. 

The results of this work support the connection of the reclaiming agent with 
oxidative scission of sulfur-cured GR-S vulcanizates as previously postulated by 
Cook and coworkers* and Ambelang and Smith”. Without oxygen, the alkyl- 
phenol sulfide reclaiming agent added little or nothing to the action of the other 
reclaiming oils; without the alkylphenol sulfide, the presence of oxygen added 
only slightly to the other reclaiming oils; together, the oxygen and alkylphenol 
sulfide showed activity in producing low molecular-weight fragments of the 
GR-S vulcanizate considerably beyond that of the other reclaiming aids, even 
under the relatively mild conditions of temperature and pressure employed in 
these experiments 

An unexpected result which deserves comment was the lack of combined 
oxygen in the extraction residues (barring subsequent exposure), in spite of the 
requirement of oxygen with the alkylphenol sulfide during the digestion period 
for effective reclaiming reactivity. Unfortunately, the soluble portions could 
not be separated from the solvents and handled with sufficient accuracy to 
warrant analysis for oxygen 


SUMMARY 


1. An alkylphenol sulfide reclaiming agent was found to have little activity 
in the absence of oxygen; conversely oxygen produced little activity without the 
reclaiming agent. Together, the oxygen and reclaiming agent showed excep- 
tional activity in attacking a sulfur-cured GR-S gum vulcanizate to produce 
soluble, low molecular-weight fragments under relatively mild experimental 
conditions. 

2. The solubilizing effects of oxygen with reclaiming oils and the alkylphenol 
sulfide reclaiming agent were produced without significant increase of the 
amount of combined oxygen in the acetone or chloroform insoluble portions of 
the vulcanizate. Large increases of oxygen content were produced quickly by 
subsequent exposure of the treated and extracted samples to an atmosphere of 
oxygen. 





EFFECT OF OXYGEN IN RECLAIMING $21 


3. No significant quantity of combined sulfur was removed under experi- 
mental conditions involving an excess of liquid reclaiming oils and agents 
However, a significant, constant amount of sulfur was removed under condi- 
tions in which only small amounts of the reclaiming oils and agents were carried 
on the surface of the ground vulcanizates. This loss of sulfur was independent 
of both oxygen and of reclaiming aid and appeared to depend solely on the type 
of stock and on the physical conditions employed. 
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BEHAVIOR OF RECLAIMING AGENTS IN SULFUR AND 
NONSULFUR GR-S VULCANIZATES * 


J. C. AMBERLANG AND G. E. P. Smiru, Jr. 


Cuemicat AnD Puysica, Researcn LABORATORIES, 
Finestone Tine & Rusper Co., Akron, Onto 


A study of the mechanism of reclaiming has been attempted by a compari- 
son of the behavior of sulfur-cured and nonsulfur-cured GR-S when heated 
under reclaiming conditions with either a polyalkylphenol sulfide, dialkyl- 
aminoary] sulfide, or long chain aliphatic amine. 

It was proposed by Cook, Albert, Kilbourne, and Smith! that the reclaiming 
action of polyalkylphenol sulfides was primarily one of catalyzing oxidative 
scission reactions, and presumably caused cleavage of the hydrocarbon chains 
in the vulcanizate. These conslusions were based on the previously known 
activity of oxygen in reclaiming and the reported activity of sulfides in dehydro- 
genation reactions. In addition, analytical evidence was presented to show 
that sulfur was not removed during the reclaiming of sulfur-cured rubber in the 
presence of sulfide reclaiming agents. It was further shown experimentally 
that the alkylphenol sulfide catalyzed the reclaiming of nonsulfur (p-benzo- 
quinone dioxime)-cured GR-S and butyl rubber. 

Another hypothesis had previously been advanced, namely, that the poly- 
alkylphenol sulfide, in functioning as a reclaiming agent, combines with and 
disrupts the sulfur cross-links that bind together the chainlike molecules of rub- 
ber. Alkylphenol sulfides with higher sulfur content have been used as curing 
agents for rubber*. Accordingly the polyalkylphenol sulfide could combine 
with the sulfur involved in the cross-linking of the rubber molecules, thus re- 
storing the molecules to a two-dimensional state characteristic of uncured 
elastomers. If this latter theory is correct, then polyalkylphenol sulfides should 
not affect the reclaiming of nonsulfur cures. 

If the structural unit of a sulfur cure is represented by Figure | and of a 
p-benzoquinone dioxime or p-dinitrosobenzene cure by Figure 2, it is evident 
that reduction of molecular size and, hence, plasticization of the elastomer 


C(C C—C}, 


Fro, | Sulfur eure* Fig. 2.—GMF Cure® 


could be brought about in either case by scission of carbon-to-carbon bonds in 
the original hydrocarbon chain’. The reclaiming and analytical results of 
Cook and coworkers' were held to show that the main reclaiming process 

* Reprinted from Industrial and Engineering Chemistry, Vol. 46, No. 8, pages 1716-1721, August 1954 
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attacked the carbon-carbon bonds of the vulcanized polymer chains to a greater 
extent than the carbon-sulfur bonds of the cross links formed during vuleaniza- 
tion. 

These diagrams are highly idealized and imply nothing as to the nature of 
the bonds involved in the cross-links or the distance between them. 


Tasie Ill 
Reciaim Tests 
Formulas, parts/100 parts \ 
DD Kk 


Dipentene 
Coumarone-indene resin 
4,6-Di-tert-butyl-m-creso] sulfide 
Octadecylamine (Armour, 
Tech.) 
Reclaiming oil 
N,N-di-n-butyl-m-toluidine 
sulfide 
Caustic soda (50%) 
Control, 100% GR-S tread scrap 
Modulus 
Vulcanizat« (300%), 


no.* and (lb /sq Reclaim Thicknes: 
curing agent inch) formula (inch) 


Test I 
I—GMF 1300 0.030 
; 0.085 
2—GMF-PbO, 1600 0.085 
; 0.070 
3—GMF-VPF 1550 J 0.029 
’ 0.060 
i—S 1440 j 0.018 
: 0.090 
‘ontrol—S 0.014 


2—GMF-Pb,O, 1350 0.009 
yi 0.010 
3—GMF-VPF 1750 0.009 
o 0.010 
1—S 1550 0.005 
> 0.011 


5—S-PbO 1500 0.006 
a 0.012 
‘ontrol—s 0.005 


6—DNB-PbO 0.110 
; 0.107 
1S 52! 0.024 
; 0.125 
ontrol—S , 0.016 


8—DNB-PbO 


§—S-PbO 
{—S 


Contro!|—s 





RECLAIMING AGENTS FOR GR-S 


TasBiLe Il]—Continued 


Modulus® 
Vulcanizate (300%), 
no.* and (Ib./sq Reclaim Thickness 
curing agent inch) formula (inch Body 


Test V 

1--S 1450 0.005 VG 

0.017 P-T 
5—S-PbO 1525 0.007 G 

0.025 
5A—S-Pb,;O, 1850 0.009 

0.038 
2—G MF-Pb;0, 1300 0.019 

0.020 
8—DNB-PbO 1525 0.042 
‘ontrol—S 0.006 


Test VI 
GMF-Pb,O, 0.015 
; 0.021 
5 0.008 
0.014 
DIXDS 0.007 
0.016 


Test VII 


0.012 
0.014 
0.011 F to G 
; 0.035 (Not reclaime 
GMF-Pb,O, 0.045 (Not reclaime 


0.010 ee | 
0.005 G 
} 0.055 (Not reclaime 
DNB-PbO 25 0.040 (Not reclaime 
7 0.023 id 
0.015 P-L 
0.050 (Not reclaime 
0.005 G j 
0.014 4 
0.006 G 
0.028 P 2 
(Not reclaimed) 
DIXDS 5 0.005 G 6 
2 0.035 (Not reclaimed) 
0.020 P 2 
(Not reclaimed) 
0.045 (Not reclaimed) 
* See Table II 
» Modulus before reclaiming 
* Evaluation by hand: G = good, | fair, P poor, I 


4 Evaluation by hand: 0 = no tack (as frequently found in 
freshly milled Hevea rubbe 


In the sulfur cure (Figure 1) the network also could be opened and a two- 
dimensional state restored by scission of the sulfur bridge, removal of the sulfur 
by combination with the reclaiming agent, or any reaction required to break 
whatever bonds the sulfur may form in holding together the hydrocarbon chains 
in the vulcanized state. If the reclaiming agent has a specific reactivity toward 
sulfur, it would not attack the cross-links in the nonsulfur cure (Figure 2) and, 
hence, would be less effective than in a vulcanizate cross-linked by means of 
sulfur. 
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RECLAIMING AGENTS FOR GR-S 


EXPERIMENTAL 


The experimental compounds were mixed on an 18-inch mill, and slabs were 
cured and tested to ascertain the optimum cure. Slabs 6 X 9 & 0.500 inches 
were then cured for reclaiming tests, conditions being varied from stock to stock 
in order to obtain close to the same modulus as that of the sulfur-Santocure 
control, under the assumption that the same degree of cross-linking would be 
present®. The formulas and tensile properties of the vuleanizates studied are 
included in Tables I and II. 

The reclaiming tests were conducted in the manner described previously’ 
The use of octadecylamine was suggested by a Le Beau publication’. The 
reclaiming formulas and results of the tests are presented in Table IIT. 

The oxidizing lead oxide (Pb;0,4) was used to activate p-benzoquinone di- 
oxime (GMF). The organic oxidizing agent, p-benzoquinone dianile (VPF), 
could be used for the same purpose. The actual curing agent is assumed to be 
the oxidation product of the dioxime, namely, dinitrosobenzene®. The red lead 
is presumably reduced to litharge, the activator used with dinitrobenzene and 
sulfur. Litharge was used also to activate a nonelemental sulfur cure by di 
isopropylxanthic disulfide. 

Oxygen absorption measurements were made on a series of comparable sul- 
fur, nonelemental sulfur, and nonsulfur cures by the method of Shelton and 
Winn’. Data are presented in Table IV. Direct oxygen determinations, by 
the method of Unterzaucher™, 
reclaiming. The results are shown in Table V 

Zine sulfide determinations'' were made on one set of sulfur and nonele 
mental sulfur cures and their reclaims, also on the nonsulfur cures subjected to 
reclaiming tests with 4,6-di-lert-butyl-m-cresol sulfide. Results appear in 
Table VI. 

To compare catalytic reclaiming with catalytic polymer softening, direct 
oxygen determinations by the same method were made on low-temperature 
GR-S polymer (X-611) softened during drying by addition of furfural phenyl- 
hydrazone or Peptone-22 (0,0’-dibenvoylaminodipheny! disulfide). The ana- 
lytical results and the Mooney plasticities of the polymers are shown in Table 


VII. 


were made on a series of stocks before and after 


RESULTS 

In every test in which a comparison was made of sulfur cures with p-benzo- 
quinone dioxime cures, the sulfide reclaiming agents appeared to have a more 
pronounced action on the former. When the vulcanizates had comparable 
moduli the quinone dioxime cures were more resistant to reclaiming than the 
sulfur cures, e.g., tests I and II, Table II]. Comparison of compounds 5 and 
1 in test II shows that litharge up to 10 parts per 100 parts of rubber does not 
affect the reclaiming activity of the N,N-di-n-butyl-m-toluidine sulfide. Test 
IV, Table III, shows that 1.5 parts of litharge per 100 parts of rubber did not 
affect the reclaiming action of 4,6-di-tert-butyl-m-cresol sulfide. In test V, the 
same sulfide reclaiming agent is shown to function with sulfur cures containing 
either litharge or red lead. In contrast, the lead oxide-activated, nonsulfur 
cures appeared to be the most resistant to reclaiming in all these tests, and the 
aromatic sulfide reclaiming agents failed to affect the process. In the absence 
of an activator, the p-benzoquinone dioxime cured very slowly; the addition of 
p-benzoquinone dianil had a pronounced accelerating action. The reclaiming 
characteristics of nonlead-activated nonsulfur vulecanizates were intermediate ; 
4,6-di-tert-butyl-m-cresol sulfide had a noticeable softening effect though it was 
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TABLE V 
Direct OxyGeEN DererRMINATION (UNTERZAUCHER) 


Oxygen “ 


Vuleanizate Reclaim Ce teclaim Be teclaim Fe Reclaim G Reclaim He 
no. and Vulcan- -—- aA 
curing agent izate Found Cor* Found Cor. Found Cor Found Cor’ Found Cor 
Test VI 
2—GMF 2.87 3.10 3.4: 2.92 3.23 
Phas 2.90 4.24 3 3.00 3.32 
8 2.48 49 f 3 2.63 
2.38 5 2 3.29 
DIXDS 2.3 36026 ; 2.99 
, 27 2.5 2.5% 2.80 


“et \V 


eK 
MAN | we 


2.09 
e v4 
229 


2.48 


4 
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on 
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10-—-DIXDS 


Wm we 


Noose > 
NK a eS 
n 
- 


«See Table III 
* Corrected to 100 parts vulcanizate ; assumption was made that half the dipentene is volatilized during 
the reclaiming process 


TaBLe VI 
Zinc SULFIDE DETERMINATION 


Test VII) 


Zine sulfide (moles 10~*/gram of sample 


Vulcanizate Reclaim C+ Reclaim Be Reclaim Ke Reclaim He 
no. and Vulcan ‘ A . A 
curing agent izate Found Cor? Found Cor? Found Cor.’ Found Cor 


t 


1—GMF 0.636 0.703 
2—GMF-Pbe® 0.000 0.001 0.946 1.045 
6—DNB-PbO 1.025 1.133 
4-8 0.176 0.832 0.920 1.843 2.038 273 : 1.990 
0--DIXD8 0.559 1.188 1.313 2.141 2.358 ; 

* Bee Table LII 

* Corrected to 100 parts vulcanizate ; assumption was made that half the dipentene was volatilized during 

the reclaiming process 


Tasie VII 
CHEMICAL Sorreners in Low Temperature GR-S PoLtymer 


Oxygen 
Mooney (Unter 
plasticity zaucher) 
(ML 4/212° F) ‘ (%) 
Softener 
Furfural phenylhydrazone 21.0 20 1.16 
0,0'-Dibenzoylaminodipheny! disulfide 25.5 ; 1.24 
None 35.5 ) 1.52 
* Softener = 1 part/100 parts of dry polymer emulsified with 5 parts of toluene, 1.2 parts of triethanol 
amine, 10.8 parts of oleic acid, and 1.25 parts of phenyl-6-naphthylamine added to aliquot latex samples 
coagulated with salt and sulfuric acid; and washed and dried 2 hours at 105° C in a forced circulation air 
oven 


less active than in sulfur cures. Under the conditions of the alkali-reclaim 
process, no difference was observable between p-benzoquinone dioxime cures 
with either red lead or p-benzoquinone dianil activation, both with and without 
N ,N-di-n-butyl-m-toluidine sulfide. 

m-Dinitrobenzene is one of the nonsulfur curatives that has been proposed 
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for GR-S. The stock here tested was first mixed for the stress relaxation meas- 
urements of Mesrobian and Tobolsky”. An attempt was made to cure by di- 
nitrobenzene with N,N’-diphenyl-p-phenylenediamine as activator instead of 
litharge. As the physical tests in Table II show, however, no cure was ob- 
tained. Like the p-benzoquinone dioxime-red lead stocks in Table III, the 
dinitrobenzene-litharge combination produced excellent cures that proved ex- 
ceedingly resistant to the usual reclaiming procedures. The reclaiming agent, 
4,6-di-tert-butyl-m-cresol sulfide, appeared to have no effect on the reclaiming 
process. 

Toward octadecylamine under reclaiming conditions the behavior of the 
vulcanizates was quite different. The benzoquinone dioxime-red lead and the 
dinitrobenzene-litharge cures were more easily reclaimed than the sulfur cure 
Twenty-five parts of octadecylamine was not quite so effective as 4.5 parts of 
4,6-di-tert-butyl-m-cresol sulfide in reclaiming the sulfur cure (Table III, test 
VII, 4H and 4B), but gave too extensive softening in lead-activated nonsulfur 
cures. In Table III, test VII, 2G and 4B, 13.5 parts of octadecylamine ap- 
pears equivalent in the benzoquinone dioxime-red lead cure to 4.5 parts of 4,6- 
di-tert-butyl-m-cresol sulfide in the sulfur cure. The same amount of octadecy!- 
amine was less effective in the dinitrobenzene-litharge cure than in the benzo- 
quinone dioxime-red lead cure (Table III, test VII, 8G and 2G). The non- 
activated benzoquinone dioxime cure was also reclaimed by octadecylamine 
though less effectively than the red lead activated cure, cf. Table III, test VII, 
1G and 2G. 

A nonelemental sulfur cure, produced by diisopropylxanthic disulfide, 
closely resembled the elemental sulfur cure in its reclaiming characteristics 
toward 4,6-di-tert-butyl-m-cresol sulfide, but, in contrast to the sulfur cure, was 
unaffected by octadecylamine. 

There appears to be no simple relationship between the rate of oxygen 
absorption and behavior under reclaiming conditions, for the GMF and di- 
nitrobenzene cures activated with lead oxides absorbed oxygen more rapidly 
than sulfur cures with or without litharge activation, but less rapidly than a 
sulfur cure with red lead activation. The nonelemental sulfur cure, diiso- 
propylxanthie disulfide with litharge activation, absorbed oxygen most slowly 
of all stocks tested. 

The direct oxygen determinations on sulfur and diisopropylxanthogen di- 
sulfide cures point to little or no oxygen uptake in the absence of a reclaiming 
catalyst. While the combination with oxygen was accompanied by reclaiming 
of the sulfur cure, the nonelemental sulfur cure did not reclaim with octadecy]- 
amine (test VII, 10H), even though the oxygen content appeared to increase 
If the increased oxygen is attributed to oxidation of the amine, the sulfur cure 
was reclaimed without measurable oxygen uptake, Table V, test VII, 4H 

The unactivated benzoquinone dioxime cure (No. |) increased in oxygen 
under reclaiming conditions, but reclaimed only when a catalyst was present; 
the greatest softening accompanied the greatest increase of oxygen, Table V 
test VII, 1B 

Of the two lead-activated nonsulfur stocks, the dinitrobenzene-litharge cure 
showed the lower increases in oxygen and the greater resistance to reclaiming 
The catalysts failed to increase the amount of oxygen combining with the stock 
and only the amine had a reclaiming effect, Table V, test VII, 6C,6B,6G. The 


benzoquinone dioxime-red lead cures under reclaiming conditions showed less 


tendency to take up oxygen than the unactivated benzoquinone dioxime cure, 
and reclaimed only in the presence of amine. In this cure, 4,6-di-tert-butyl-m- 
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cresol sulfide neither increased oxygen content nor effected reclaiming, Table 
V, test VI, 2B, 2C and test VII, 2B, 2C 

Direct oxygen determination on low temperature GR-S polymer (X-611), 
softened by furfural phenylhydrazone or by Peptone-22, show that catalytic 
softening of the polymer was not accompanied by a measurable increase in 
oxygen content. The softened polymers had, if anything, a slightly lower 
oxygen content 

The zine sulfide content of the sulfur and nonelemental sulfur cures in- 
creased during the course of the reclaiming test, Table VI, test VII, 4 and 10. 
That part of the sulfur in 4,6-di-tert-butyl-m-cresol was converted into zine 
sulfide is evidenced by the zine sulfide in Table VI, test VIT, 1B, 2B, and 6B 


DISCUSSION 


The results of this series of tests indicate that the reclaiming process cata- 
lyzed by polyalkylphenol sulfides or dialkylaminoary] sulfides is primarily an 
oxidative scission of the cross-links. The ability of the vulcanizate to absorb 
oxygen at 100° C appears to have little relation to its ability to undergo reclaim- 
ing in a formula containing a catalyst such as the polyalkylphenol sulfide. The 
nature of the cross-links, however, is all important. Sulfur cross-links formed, 
either from elemental or combined sulfur (as from diisopropylxanthic disulfide) 
appear to undergo scission. Cross-links formed by GMF with red lead or by 
dinitrobenzene with litharge appear to be resistant to scission under the same 
conditions. Cross-links formed by GMF alone or with p-benzoquinone dianil 
are intermediate in stability, being attacked to a lesser extent than sulfur cross- 
links. The octadecylamine effects scission of certain types of cross links but 
not by catalyzing an oxidation reaction 

The direct oxygen analyses indicate that the oxidation associated with 
catalyzed reclaiming is centered on the cross-links. In the absence of the re- 
claiming catalyst, oxidation is not so centered as the oxygen absorption data 
seem toshow. These latter data are consistent with the stress relaxation meas- 
urements of Mesrobian and Tobolsky” on dinitrobenzene-cured GR-S, whose 
rate of scission was not much different from that of a sulfur cure when 2 per cent 
phenyl-6-naphthylamine was present. Likewise in a publication” from the 
same laboratory it was reported that different vulcanizing agents (sulfur or 
p-benzoquinone dioxime-lead dioxide) caused no appreciable difference in relax- 
ation time. The observation that the alkylphenol sulfide, 4,6-di-tert-butyl-m- 
cresol sulfide, catalyzed the reclaiming of GR-S cured with p-benzoquinone 
dioxime, alone or with the organic activator, p-benzoquinone dianil, confirms the 
observations of Cook and coworkers' with respect to the activity of the alkyl- 
phenol sulfide reclaiming agent for p-benzoquinone dioxime vulcanizates. In 
the lead oxide-activated cures, it hardly can be argued that the polyalky!lphenol 
sulfide was deactivated by the lead oxide, since neither litharge nor red lead 
inhibited the reclaiming action of 4,6-di-tert-butyl-m-cresol sulfide on sulfur 
cures. Furthermore litharge did not retard the reclaiming action of N,N-di-n- 
butyl-m-toluidine sulfide on a sulfur cure 

The thesis that the sulfur cross-links are broken is not conclusively disproved 
by the analytical data showing an increase in combined sulfur, since the method 
of analysis used does not distinguish cross-linking sulfur from any other type, 
e.g., thiocarbonyl, thioether, and thiol. It is conceivable for the sulfur cross- 
links to be broken at the same time that sulfur or a sulfur compound is entering 
into combination along the hydrocarbon chain, thereby increasing the com- 
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bined sulfur. Or partial oxidation could break the cross-link without detaching 
both of the carbon to sulfur bonds. 

The inerease of zine sulfide content during the reclaim test showed no cor- 
relation with the softening of the rubber. 

The thesis that scission of sulfur cross-links can occur is supported by the 
creep studies of Stern and Tobolsky’*. They found that sulfur-cured GR-S 
showed faster creep in methyl iodide vapor than in air and in either case faster 
than in vacuo. Thus the methyl] iodide disrupts the sulfur cross-links faster 
than atmospheric oxygen, and the scission of the sulfur cross-links is a significant 
part of the overall breakdown. The same investigators found that a nonsulfur- 
cured GR-S vulcanizate showed slower creep in methyl! iodide vapor than in 
air, but faster than in vacuo. The methyl iodide is particularly effective in 
scission of sulfur bonds, but would hardly be expected to have much effect on 
the cross-links of a nonsulfur vulcanizate, and actually appears less effective 
than atmospheric oxygen. Thus it is still possible to regard the reclaiming 
catalyst, such as polyalkylphenol sulfide, as a sulfur reactive substance which 
disrupts the network structure by combining with the sulfur cross-links. 

However, the analytical evidence from direct oxygen determinations sug- 
gests that oxidative scission at the sulfur cross links, catalyzed by the poly- 
alkylphenol sulfide, is the more important process. This mechanism would 
account for the definite, although milder, reclaiming action of the polyalkyl- 
phenol sulfide on a vulcanizate cross-linked by p-benzoquinone dioxime. Pur- 
suing the argument of this paper, D. 8. Le Beau suggests that breaks at the 
cross-links should yield recured reclaims of lower modulus and high elongation. 
This trend in properties was shown in an alkylphenol sulfide reclaim by Cook 
and coworkers’, 

The mechanism of reclaiming as catalyzed by polyalkylphenol sulfides or 
arylamine sulfides is evidently somewhat different from the mechanism of 
catalyzed polymer softening. Direct oxygen determinations on the polymers 
failed to show a measurable increase in oxygen for the catalytically softened 
polymers over the control despite the fact that atmospheric oxygen is necessary 
for effective softening by these materials'®. 

The wide differences in the chemical behavior of the various types of syn- 
thetic rubber vulcanizates toward different reclaiming agents indicates funda- 
mental differences in the nature of the chemical bonds of the cross-links which 
will have to be accounted for in any final explanation of the chemical reactions 
in the vulcanization of rubber. 


SUMMARY 


1. Di-tert-butyl-m-cresol sulfide was found to be less active in reclaiming 
p-benzoquinone dioxime-cured GR-S than in reclaiming sulfur-cured GR-S 
It appeared to have no effect on p-benzoquione dioxime cures activated with 
red lead, though the presence of litharge or red lead in sulfur cures did not seem 
to retard reclaiming by the same agent. 

2. N,N-di-n-butyl-m-toluidine sulfide had no reclaiming actionTunder 
alkaline conditions on p-benzoquinone dioxime cured GR-S. Under these 
conditions the same sulfide reclaiming agent actively catalyzed the reclaiming 
of sulfur cures either in the presence or absence of litharge activation. 

3. Di-tert-butyl-m-cresol sulfide did not affect the reclaiming of GR-S cured 
with dinitrobenzene and litharge. 

4. Di-tert-butyl-m-cresol sulfide had a strong reclaiming action on a non- 
elemental sulfur cure (diisopropylxanthie disulfide) activated with litharge 





RUBBER CHEMISTRY AND TECHNOLOGY 


5. n-Octadecylamine was a reclaiming agent for sulfur-cured and benzo- 
quinone dioxime-cured GR-S but less active than 4,6-di-tert-butyl-m-creso]l 
sulfide. For benzoquinone dioxime-red lead and for dinitrobenzene-litharge 
cures it was an active reclaiming agent; it had no reclaiming effect on a di- 
isopropylxanthic disulfide cure. 

6. Oxygen absorption measurements failed to show any simple relation 
between the rate of oxygen absorption of vulcanizates and their behavior in the 
reclaiming process. 

7. Direct oxygen determinations on vulcanizates before and after reclaiming 
showed that 4,6-di-tert-butyl-m-cresol sulfide is an oxidation catalyst for GR-S 
cured with sulfur, unactivated benzoquinone dioxime or diisopropylxanthic 
disulfide, the same vulcanizates for which it was a reclaiming agent. Octadecyl- 
amine appeared not to be an oxidation catalyst for the GR-S vulcanizates under 
the reclaiming conditions studied. 

8. Zinc sulfide determinations on the vulcanizates before and after reclaim- 
ing showed an increase as a result of the experimental conditions, but no corre- 
lation with reclaiming effects. 

9. Low-temperature GR-S (X-611) polymer, softened by the addition of 
furfural phenylhydrazone or 0,0’-dibenzoylaminodipheny! disulfide, showed 
slightly lower oxygen content than the control. 
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A STUDY OF STIFFNESS TESTING OF ELASTOMERS 
AT LOW TEMPERATURES * 


F. S. Conant 


CuemicaL anp Puysica, Researcn LAsorarorti«es, Tue Firestone Tree 
& Ruprer Co., Akron, Onto 


During the past few years, the ASTM has received numerous requests for 
standardization of methods for low-temperature testing of elastomers. In re- 
sponse to these requests, Task Group B of Committee E-1 on Methods of Test- 
ing was formed and assigned to determine what low-temperature tests are being 
used and whether or not present ASTM tests are adequate’. 

Questionnaires returned from thirty-seven laboratories representing a cross- 
section of industry, government, and research centers indicated a general desire 
for clarification of the applicability of the various low-temperature tests. The 
principal interest was in low-temperature behavior, as exhibited by the follow- 
ing tests in the order given: (1) stiffness; (2) brittleness; 


; (3) hardness; and (4) 
rheological properties (stress relaxation, creep, recovery, etc.). The present 
report is concerned with an investigation of the methods used in measuring the 
first of these properties: low-temperature stiffness. Stiffness is here defined as 
the ease or difficulty with which a material can be deformed, and is indicated 
by the stress required to produce a given strain. Work on the other three 
phases of low-temperature behavior has progressed to the point where results 
soon will be reported 

Previous comparisons of methods and results of low-temperature stiffness 
measurements on elastomers include a series of studies by the Navy Depart- 
ment, Bureau of Ships* and a report by Helin and Labbe*. It was the consen- 
sus of the committee that a concentrated study, involving a greater number of 
tests and more participating laboratories, was still needed in order to compare 
the different tests more directly and, if possible, to arrive at recommendations 
regarding their use 


LOW-TEMPERATURE STIFFNESS TESTS STUDIED 


The test methods included in this study were chosen because they were the 
ones most widely used and, in general, conformed to ASTM or military pro- 
curement specifications. The list does not include all of the applicable methods 
described in the literature. All of the general types of deformation are in- 
cluded, however, with the exception of pure shear 

Young’s modulus was chosen as a basis for comparison, since it represents 
a basic material property which could be obtained by all of the methods. It 
was recognized, however, that in some of the tests this value was not normally 
salculated. 


* Reprinted from the AST'M Bulletin No. 199, pages 67-73 (TP145-151, July 1954. This article and 
f 


the article following, by B. G. Labbe, summarize the results of low-temperature test correlation programs 
undertaken by Subcommittee 27 on Low-Temperature Testing of Elastomers and Plastics, of ASTM Com 
mittee E-1 on Methods of Testing. These articles, by F. 8. Conant and B. G. Labbe, respectively, are 
condensations of the original reports written upon completion of the test series by cooperating laboratories 
The article by F. 8. Conant was prepared from the report written by F. M. Gavan of the Armstrong Cork 
Company. ‘he original report condensed by B. G. Tabbe was written by A. E. Juve and Ross Shearer 
of the B. F. Goodrich Research Center 
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The significant test factors applicable to the different methods are sum- 
marized in Table I. Other features of the individual tests are discussed below. 


TENSILE MODULUS 


Three instruments conforming to ASTM Method D 412-51 T* are in common 
use—the Scott®, the Instron®, and the Tate-Emery’. The reported modulus 
may be either the slope of the stress-strain curve at the origin (tangent modu- 
lus) or the slope of the line joining the origin to a specified elongation on the 
stress-strain curve (secant modulus). 

The principal advantage of the tensile modulus test is well stated in the fol- 
lowing concept®: “By virtue of its simplicity and directness, the tension test is 


the most widely employed means of ascertaining the EF modulus’’. 


CANTILEVER BEAM METHODS 


Three methods utilizing cantilever beam bending have widespread use, the 
Olsen’, Taber” tests and Navy test. All are commonly motor-operated at a 
specified bending rate, but can be hand-operated as well. These tests subject 
the specimen to low strains at a comparatively low rate of loading. Stiffness 
values reported are secant moduli which are directly obtained by the use of 
well-known formulas. These instruments are applicable over a wide range of 
stiffness of rubbers or plastics. Care should be used in applying the Navy 
method to very soft materials, however, since the bending due to the weight of 
the sample is such that its full length (8 in.) is not deflected. This limitation 
is not so serious in the case of the Olsen or Taber methods because of the shorter 
beam used (4 in.). The latter tests, however, permit a slight increase in beam 
lengths at high deflections. 


SIMPLE BEAM METHODS 


Two instruments conforming to ASTM Method D 797-46 are in use", the 
Firestone apparatus” and the Aminco Modulimeter’. In this method the 
specimen is supported as a simple beam, which is loaded, by a dead weight, at 
its center. Moduli are calculated directly by well-known formulas. Repro- 
ducible measurements are possible by this method in the modulus range of 
about 150 to 100,000 Ib. per sq. in. Samples with moduli lower than about 
150 lb. per sq. in. deflect excessively under the required initial load. For ac- 
curate measurements of moduli higher than 100,000 lb. per sq. in., specimens 
thinner than the } inch standard should be used. Specimens thicker than } inch 
should not be used since lowering the span-depth ratio below 8:1 introduces so 
much shear into the deflection that the modulus formula is inaccurate’. As 
normally operated, the simple beam method yields a tangent modulus at a low 
degree of strain and high rate of loading. 

Advantages of the simple beam method of modulus measurement include the 
absence of end effects on the specimen and operation on a closely restricted 
portion of the stress-strain curve. Disadvantages include inaccuracies on 
extremely soft samples and inevitable friction in the sliding mechanism. The 
latter may be reduced to a very small value, however. 


TORSION METHODS 


Two quite similar torsion test methods were considered in this investigation, 
the Gehman'® (ASTM Method D 1053-52 T)’ used principally in tests on 











STIFFNESS AT LOW TEMPERATURES 


TaBLe II 


Youne’s Moputus Vatuges (Ps1) on Hevea Gum CompouNnpb 


Test temperature (° F) 


Method Laboratory - —60 ~40 20 


70 70 50 
204*, 215° 
600 523 178 177 171 170 
000 250 250 250 250 250 
263 263 263 263 
600 328 247 237 237 257 
230 
780 610 415 410 $10 
000 1070 457 438 300 
500 
930 1410 585 170 205 
000 540 160 105 7 18 
000 760 270 165 78 36 
600 670 231 2% 227 
3 400 
000 1600 
200 1500 
000 1269 
Taber H-1 1500 


Scott 
Instron 
Tate-Emery 
Olsen 


wowed 
q 


SPT TT? 
SNK RK LNW KoONNE aoe 


i 


Simple Beam 


— 
' 


Compression 
Navy (corrected) 
Gehman 


° 


“sik ote ole oc alantien a 
i 


: 2. 
_— 
ad 


Clash-Berg 


~~~ 
a " 
arn 


« 20 in. per min. extension rate 

* 1 in. per min. extension rate 

© Motor operated, 60 deg. per min 

4 Manually operated, 30-sec. reading 
0.25 g-cm per deg. torsion wire 
‘1.00 g-em per deg. torsion wire 


Tape III 
Youna’s Moputus Vatues (Psi) on GR-S Treav Tyrer Compot 
Test temperature (° | 
Method Laboratory —80 j 40 20 +20 +73.4 


Scott A-] 1365 817 617 450 
Instron A-2 1190*, 860° 
Tate-Emery A-3 000 2520 1540 959 779 
Olsen B-1 000 F 1700 =1125 840 750 
. 2460 1610 1130 968 
000 4 4! 1860 1460 928 810 
820 
Simple Beam 5300 3700 2300 1600 
000 5890 §=3400) 2150 1710 
Compression 1437 
Navy (corrected) y 000 3 5170 1340 1150 185 
Gehman . : 8500 1700 850 524 
000 ‘ 3600 = 1680 970 740 
000 3540 =1730 1LO80 779 
: 000 
Clash-Berg i 000 8100 2200 900 
000 8700 8700 
000 2680 1390 866 
Taber j 938 796 502 
* 20 in. per min. extension rate 
* 1 in. per min. extension rate 
* Motor operated, 60 deg. per min 
4 Manually operated, 30-sec. reading 


* 0.25 g.-cm. per deg. torsion wire 
1 1,00 g.-cm. per deg. torsion wire 
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rubberlike materials and the Clash-Berg'’, used principally in plastics tests. 
In the Gehman apparatus, the load is applied through a torsion wire, whereas 
in the Clash-Berg dead-weight loading is used. Both tests determine shear 
modulus directly and require the assumption that EF = 3G in order to convert 
the results into Young’s modulus. Secant modulus values are obtained at 
variable degrees of strain and high rate of loading. 
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The Gehman test has been selected by the armed forces" as their basic pro- 
curement test for low-temperature stiffness, at least partly because of the gen- 
eral availability of this apparatus. 

Advantages of the torsion test method include the simple and relatively 
inexpensive equipment requirements, low friction, high sensitivity, and rapidity 
with which measurements can be made. Limitations include comparatively 








STIFFNESS AT LOW TEMPERATURES 341 


low precision under certain conditions and the introduction of a tensile compon- 
ent at high strains because the specimen cannot contract during the twisting 
operation. 
GENERAL PLAN OF TESTS 

Samples of Hevea gum, GR-S tread type compound, and polyethylene were 
prepared in a single laboratory and sent to each of the participating laboratories. 
These compounds were chosen simply on the basis that they provided a wide 
range of stiffness and stiffening temperatures. Each of the tests described 
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Fria. 2.—Young's moduli of GR-S 


above was performed by at least one laboratory, and some by as many as three. 
Specific test-temperatures were designated, but each laboratory was otherwise 
left free to perform the assigned test in its customary manner. However, a 
very specific description of the test-specimen, method, and calculations was 
requested (see Table I). 

TEST RESULTS 


A summary of the test results reported on Hevea gum is shown in Table II 
and Figure 1, that on GR-S in Table ITI and Figure 2, and that on polyethylene 
in Table IV and Figure 3. The tables include room temperature modulus 


























*1 in. per min. extension rate. 


* Motor operated, 60 deg. per min. 
* Manually operated, 30-sec. reading 


40.25 g.-cm. per deg. torsion wire 
* 1.00 g.-cm. per deg. torsion wire. 
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Fic. 3.—Young’s moduli of polyethylene 
TasBLe I\ 
Youna’s Moputus Vatues (Pst) on PoLYETHYLENE COMPOUND 
Test temperature (° F) 
Method Laboratory 80 60 40 20 
Scott A-1 
Instron A-2 
Tate-Emery A-3 319 000 275 000 245 000 149 000 72 
Olsen B-1 34 000 33 000 27 000 22 000 14 
B-2¢ 138 000 116 000 41 
B-2¢ 198 000 206 000 139 000 107 000 43 
B-3 
Simple Beam C-1 350 000 230 000 150 000 85 
C-2 248 000 287 000 179 000 160 000 70 
Compression D-1 
Navy (corrected) E-1 337 000 358 000 283 000 187 000 = 80 
Gehman F-1 170 000 =160 000 135 000 94 000 37 
F-2 235 000 200 000 165 000 105 000 43 
F-3¢ 218 000 196 000 148 000 107 000 51 
F-3° 172 000 141 000 
Clash-Berg G-1 260 000 220 000 200 000 130 000 67 
G-2 - . - 
G-3 316 000 249 000 158 000 96 900 
Taber H-1 
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This 


values in compression” in addition to the methods discussed above. 


method was not considered suitable for use at low temperatures. An “average 
modulus at each temperature is shown in Figure 4. 

As previously stated, the moduli obtained on very soft materials by the 
original Navy method were not considered accurate because the entire test 
specimen was not bent when one end was lifted from the horizontal position. 
For this reason, the only results presented from this method were corrected by 
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hia. 4.—Young's moduli—average of all methods 


the following procedure. An approximate measurement was made at room 
temperature of that length of the 8-inch specimen of each material that was 
actually lifted from the horizontal support for each selected amount of deflec- 
tion. A calculation was made from this of the weight suspended; then assum- 
ing this specimen weight to be equally supported between the string at one end 
and the horizontal support at the other end, a value of EF was calculated (from 
conventional cantilever formula) based on the pull necessary to lift the weight 
of the specimen. This correction of EF was then subtracted from the original 
calculated value, thus giving the values shown in the data. 
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DISCUSSION 


At first glance, the variation in moduli makes the task of reconciliation of 
results from the different test methods appear hopeless. Our faith in ‘“‘modu- 
lus’ as a measure of a fundamental material property is a bit shaken. Let us 
see, however, if the results have more meaning when examined in conjunction 
with the various test conditions and limitations. 


VARIABILITY IN DEGREE OF STRAIN AND IN 
RATE OF LOAD APPLICATION 


For this purpose let us consider the tests grouped as shown in Table V. 

The modulus of a specified sample at a given temperature is, in general, 
higher at lower degrees of strain and at higher rates of loading, irrespective of 
the method used in its measurement. Omitting the tests in which the two 
criteria are mixed or uncertain, it is possible to observe whether, when the two 
criteria are acting in the same direction, the moduli agree with expectations. 

The tension tests (methods A-2 and 3), the motor-operated Olsen tests 
(method B), and the Taber test (method H) were in general agreement and 


TABLE V 


COMPARISON OF RHEOLOGICAL VARIABLES IN DIFFERENT TESTS 


Degree Rate of 
Test of strain loading 
A-1 Tension High Low 
A-2, 3 Tension Low Low 
B-1,3 and H-1 Cantilever 
Beam Low Low 
B-2 Cantilever Beam 
(Manual) Low Low to 
medium 
E-1 Cantilever Beam Low to High 
medium 
C-1,2 Simple Beam Low High 
F-1,2,3 and G-1,2,3 Torsion Variable High 


were low in comparison with the beam tests (methods C and E). These com- 
parisons illustrate the effect of rate of loading. At low temperatures or with a 
stiff sample, the torsion tests (methods F and G) combined low strain with high 
rate of stress application and consequently gave higher moduli than did any of 
the other types of tests. At higher temperatures or with soft samples, the 
torsion tests imposed a high degree of strain and gave moduli lower than those 
of the tests in which the degree of strain was controlled. Likewise tension 
test A-1, operating at 100 per cent elongation, gave low moduli as would be 
expected. The necessity for controlling the amount and rate of strain is most 
important at temperatures where the modulus is particularly temperature- 
sensitive. Itis not feasible, however, to specify that all tests should be operated 
at a given degree of strain. In a bending beam test, for example, all planes in 
the specimen are not equally strained, whereas in a tension test the strain is 
almost uniform throughout the test area. 

The effect of degree of strain on the observed modulus is, of course, due to 
the nonlinearity of the stress-strain"curve. The effect of rate of loading’ is due 
to the amount of stress relaxation or creep that is allowed to take place before 
the measurements are made. Time effects are recognized in all of the above 
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tests by the specification of a particular rate of deflection or of a particular time 
after deflection at which the stress or strain readings are to be taken. These 
rates and times were different, however, in the different tests, as shown in 
Tables I and V. Had it been possible to extrapolate all of the test results to a 
given degree of strain and to a given time for creep or relaxation, the results 
undoubtedly would have been much closer together for the different tests. 


METHOD OF CALCULATION OF RESULTS 


All of the methods used for modulus calculation in the above tests were cor- 
rect for the particular test, yet they did not all yield the same “kind” of modu- 
lus. For example, the simple beam method results in a ‘‘tangent’’? modulus over 
a small, but controlled, strain interval starting at a specified stress; the other 
methods result in a “secant”? modulus, or slope of the line joining the origin to 
the point on the stress-strain curve at which measurements were made. Some 
of the latter methods resulted in approximate tangent moduli, however, since 
they operated at such low strains. 

Another example of possible variations in moduli due to the method of cal- 
culation involves the necessity of using the formula EH = 3G in converting rigid- 
ity moduli into Young’s moduli in the torsion tests. The derivation of this 
formula depends on the assumption that Poisson’s ratio is exactly 0.5. This is 
approximately true for most rubberlike materials at only very small deflections. 
At a strain of unity, for example, the ratio of lateral contraction to longitudinal 
extension of an incompressible material is 0.29. Young’s moduli calculated 
from rigidity moduli would thus be somewhat smaller than those obtained 
directly. A glance at Tables II, III, and IV will show that the torsion methods 
(Gehman and Clash-Berg) did, in general, give lower moduli than did the 
other methods. 

CONDITIONING TIME 


The conditioning times used varied from 3 minutes in the Clash-Berg test to 
24 hours in the Olsen test (laboratory B-2). The effect of conditioning times 
at the test temperature appears to have been negligible for the materials tested. 
In fact, laboratory B-2 reported almost identical results on specimens condi- 
tioned for 20 min. and for 24 hours at each test temperature. On other ma- 
terials, however, which might be more subject to low-temperature crystalliza- 
tion, this factor should definitely be controlled. 


SUITABILITY OF EQUIPMENT 


Laboratory A-1 (tension test) used a pendulum-type tester on which the 
load scale range was 150 pounds. The actual load on the specimen tested at 
100 per cent elongation was in the range of 3 to 4 pounds. The ability to 
measure such small loads on such a high-capacity machine is extremely doubt- 
ful. Since the specimen strain on this apparatus was also so much greater than 
on the others used in these tests, the results from laboratory A-l probably 
should not be considered valid. 

Since the Navy cantilever-beam test (laboratory E-1) required a correction 
factor of uncertain precision, the resulting data probably should be questioned, 
although they were in general agreement with data from the other types of 
tests. The rather erratic moduli of Hevea gum stock at —20° F and above 
obtained by this method (Table II) should be noted, however. 
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INHERENT POSSIBILITIES FOR ERROR 


Human error, of course, entered into ali of the test data reported. Some 
additional possibilities for error in particular instruments have been noted 
above. The simple beam-test, for example, is subject to a certain frictional 
effect, which may be accentuated by the formation of frost at lower tempera- 
tures unless particular care is taken. 

In the Gehman apparatus, an error of one degree in the scale reading may 
cause a 100 per cent error in the calculated modulus. This situation occurs 
when the scale reading approaches 0 or 180°. If a torsion wire is chosen to 
give the correct reading (about 140 to 150°) at room temperature, however, 
the errors at low temperatures where readings become less than 10° to 20° are 
not of great practical importance, because the material is then too stiff for 
ordinary commerciai use. In the Gehman method, also, the test-specimen is 
subjected to different strains at different temperatures, so the moduli obtained 
as the temperature is varied are not as directly comparable with each other as in 
tests with controlled strain. This factor does result, however, in a magnified 
temperature sensitivity for the Gehman method. 


CONCLUSIONS 


In light of the above discussion, it does not appear logical to choose a 
“hest”’ test for determining low-temperature moduli. A study of the data as a 
whole indicates that the correlation between the two sets of values from the 
simple beam-method (laboratories C-1 and C-2) are closest, but there is nothing 
to show that they are the most valid. It should be emphasized that, in the 
temperature region of greatest technical importance, that is, where the rubber 
is changing from its ordinary flexible state to a hard stiff material, the different 
tests show good agreement. A low-temperature limit of serviceability would 
be close to —80° F for the Hevea gum and —60° F for the GR-S by each of the 
methods studied. 

Another conclusion that might well be reached by a study of the test meth- 
ods and data presented is that the term ‘‘modulus’’, as applied to rubberlike 
materials, is rather vague unless the method of obtaining that modulus is also 
given. 
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A STUDY OF HARDNESS TESTING OF ELASTOMERS 
AT LOW TEMPERATURES * 


B. G. LABBE 


Puysica, Tesetinea Laporatory, Tae Firestone Tire 
& Rusper Co., Akron, Onto 


One of the many problems encountered in the testing divisions of present- 
day laboratories is the selection of equipment for the low-temperature testing 
of the various properties of rubber and rubberlike materials. While most of 
the instruments being utilized are ones on which standard procedures were 
established for use at room temperature, an occasional new method has been 
advanced for low-temperature work. The object of this investigation was to 
compare the performance of the various instruments with respect to efficiency 
and reproducibility, and to illustrate how the property of hardness changes for 
different materials over a range of temperatures of from room temperature to 
—80° F. 

For the purpose of this study the committee has defined “hardness” as “the 
measure of resistance of a material to indentation.” 


INSTRUMENTS USED 


The instruments selected for evaluation and the participating laboratories 
were as follows: 


Instrument Participating laboratory 
Shore-A Durometer' The Bakelite Co. 
LD 676-49 T Armstrong Cork Co. 


U. 8. Rubber Co. 


tex! St. Joseph Lead Co 
D 676-49 T Bureau of Ships—Material Laboratory, Brooklyn 
U. 8. Rubber Co 


Shore-D Durometer The Bakelite Co. 
Armstrong Cork Co 
U. 8. Rubber Co 


Olsen or ASTM Indentometer* Goodrich Research Center 
Government Laboratories, Akron, Ohio 
St. Joseph Lead Co 


Pusey and Jones Plastometer* Bureau of Ships— Material Laboratory 
Armstrong Cork Co 
National Bureau of Standards 


Material Lab. Indentometer* Bureau of Ships-—-Material Laboratory 
(Modified British Admiralty) 


Armstrong Indentor Armstrong Cork Co 
National Bureau of Standards 


Pertinent information concerning each test apparatus is shown in Table I. 
Both Shore durometers and the Rex gage are spring actuated and the values 
increase with an increase in the hardness of the test-specimens. All of the other 


* Reprinted from the ASTM Bulletin, No. 199, pages 73-79 (TP151-157), July 1954. Measurements 
of crude rubber, GR-8, polyviny! chloride, and polyethylene, made by the individual laboratories and tab- 
ulated in detail in the original paper, are omitted. This paper, in conjunction with the preceding paper by 
F. 8. Conant, summarize the resi ults of low temperature test correlation programe undertaken by Subcom 
mittee 27 on Low-Temperature Testing of Elastomers and Plastics, of ASTM Committee E-1 on Methods 
of Testing. Both papers are condensations of original reports written upon completion of the test series by 
the cooperating laboratories The present paper, as condensed by B. G. Labbe, was written by A. FE. Juve 
and Ross Shearer of the B. F. Goodrich Research Center 
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instruments used in this investigation are dead-weight loading devices which 
indicate the depth of indentation. Consequently the values decrease as the 
hardness of the test-specimens increases. 


ELASTOMERS TESTED 
The four materials employed in the tests are listed as follows: 


Compound Recipe and mixing 
University or AKRoN, GOVERNMENT LABORATORIES 
Natural-rubber pure gum ASTM 3 X 3 X 4-in. blocks 
D 15-52 T* 50 ft at 280°F 
GR-8S (40 parts) 3 X 3 & 4-in. blocks 
(EPC black) 80 ft at 292°F 


THe BaKEite Co. 
Nonrigid vinyl VYNW + 35 per cent DOP and 3 X 3 &X 4-in. blocks 


stabilizer 
Polyethylene DYNH 3 X 3 X 4-in. blocks 


These materials were mixed in recipes identical with those used for the study 
of stiffness testing at low temperatures. 

Where conditions permitted, tests were conducted at room temperature 
(71° to 79° F), 20°, —20°, —40°, —60°, and —80° F; the instruments were 
read instantaneously and at 15, 30, and 60 seconds. 

Typical values obtained 30 seconds after application of the load are plotted 
in Figures 1, 2, and 3. 
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Fig. 4.—Polyethylene stock 


For comparative purposes, the Olsen, Pusey and Jones, and Material Lab. 
Indentometer values were multiplied by 100, while the Armstrong indentation 
values were multiplied by 1000. 


PERFORMANCE COMPARISONS 


The plot (Figure 1) of hardness values obtained on the natural-rubber stock 
shows little change down to —40° F by all the instruments, except the Arm- 
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strong hardness tester, which indicates hardening of natural rubber about 
—20° F. While the other instruments show definite hardening at about 
~40° F, the Shore-D Durometer values continue on a straight line to —60° F 
and then indicate rapid hardening to —80° F. 

All the instruments provide data which produce somewhat similar curves 
with GR-S down to —40° F (Figure 2). All curves then level off except for 
that of the Shore-D Durometer, which continues to rise on a steep slope and 
provides a more pronounced view of the effect of temperature. 

With the vinyl compound (Figure 3), the Armstrong Indentor and the 
Shore-D Durometer show more change of hardness properties with decreased 
temperature than the other instruments, which are near the limits of their 
scales at room temperature. 

The data for the polyethylene material are shown in Figure 4. No con- 
sideration is given to an analysis of these results, because the hardness of this 
material at room temperature makes most of the instruments insensitive to the 
further changes resulting from a lowering of the temperature. 

It will be noted in Figures 5, 6, and 7 that at the higher test temperatures 
(—20° F and above) and at —80° F the hardness values are almost a straight 
line function when plotted against log time. At —40° and —60° F, the effect 
of creep is more noticeable with the time of reading the hardness values because 
the test-specimens possess leathery properties. This is more evident with 
natural rubber than with the other materials, although the vinyl compound 
shows a similar tendency at room temperature. The spring-actuated instru- 
ments (the Shore Durometers and Rex gauge) are preferable for giving hardness 
values uncomplicated by creep. 

When evaluating the efficiency of these various instruments, it will be noted 
that the spring-actuated Durometers and the Material Laboratory Indentom- 
eter may be used as low as —80° F with little trouble, but some laboratories 
encountered trouble with the Olsen, Pusey and Jones, and Armstrong dead- 
weight testers. 

The instruments operated with and without vibration—the Pusey and Jones 
and the Indentometer-—produced slightly higher values (greater indentation) 
when the vibrator was utilized. The use of the vibrator apparently reduces 
friction and provides more reproducible results 

The agreement among the different laboratories using both types of Durom- 
eters was fairly good, definitely better than that for the Rex gauge. Good 
agreement was obtained with the Olsen hardness tester between two labora- 
tories, but the results from the third were as much as 50 per cent lower. Some- 
what the same situation developed with the Pusey and Jones plastometer and 
the Armstrong Indentor. The Material Laboratory Indentometer was used 
by only one laboratory. 

The Material Laboratory Indentometer was used at the low temperatures 
without lubricant, and the behavior of the instrument seemed to justify such a 
procedure. 

The Armstrong Cork Co., however, utilized and recommended the following 
precautions for low-temperature operations 

All bearing surfaces such as slides, gears, gibs, dial gauges, etc., should be 
coated with a special lubricant, such as Molykote Type G, prior to use at low 
temperatures, and the lubricant should be thoroughly worked in by repeated 
movement, back and forth, of the mating surfaces. All moving parts should 
then be thoroughly degreased before use at low temperatures with carbon tetra- 
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chloride or, better, with a hot vapor degreasing process and, when clean, should 
be lightly lubricated with Esso Univis J-43 or equivalent. When removed from 
the cold box, the instrument should be dried at elevated temperatures. 

These precautionary procedures are being offered as an aid to those labora- 
tories now encountering trouble with low-temperature operations. 


CONCLUSION 


The spring-actuated instruments are desirable, since instantaneous readings 
may be obtained. Unfortunately, neither of the Shore instruments (A or D) 
provides adequate results over the complete range of temperatures for the 
stocks herein studied. A hardness instrument embodying the indentor point 
of the Shore-A Durometer with a loading spring requiring 0 to 5 pounds for the 
scale range would probably be more suitable for low-temperature work. 

The Pusey and Jones instrument is somewhat difficult to operate at the low 
temperatures (—60° and —80° F) because of the manner of loading and because 
of friction between the moving parts. The Olsen instrument provided similar 
difficulties as far as frosting of the parts was concerned. Some trouble was ex- 
perienced with this instrument even at —40° F. No results were reported for 
the Armstrong indentation equipment below —40° F because of the unavail- 
ability of conditions below that temperature. 

On the basis of the information furnished, it appears that the Material 
Laboratory Indentometer is the most satisfactory of the dead-weight load hard- 
ness testers for use at low temperatures. 
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LOAD-CARRYING CAPACITY OF LATEX 
FOAM RUBBER * 


JosepH A. TALALAY 
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Foam rubber as an elastic load-carrying space filler is the result of both 
material development and product design. The basic material consists of a 
great number of freely interconnecting air cells of diameters ranging from 0.005 
to 0.040 inch, bounded by perforated and frequently microcellular elastomeric 
films. 

Latex foam was developed in the early nineteen thirties. Almost concur- 
rently with its development it had been found that great benefits are derived 
from incorporating ‘‘cores’’ into the design of a foam rubber article. Cores are 
oblong voids of a defined geometric shape, extending on a predetermined space 
lattice into the body of the foam normally from one of its broadsides and ter- 
minating short of the opposite broadside. Consequently, a conventional foam 
molding possesses one smooth and one cored major surface. These cores, which 
are produced by attaching metallic pins to the mold cover, not only facilitate 
the manufacture of foam rubber articles of substantial thickness by solving 
otherwise difficult heat-transfer problems, but they also yield a foam molding 
of considerably lesser weight for a given load-bearing capacity (hardness) com- 
pared with a solid space filled with homogeneous foam rubber. 

Despite its significant effect, core design seems to have received only cursory 
attention in this country. Somewhat greater attention has been given to this 
point in Great Britain. 


MEASUREMENT OF FOAM HARDNESS 


Specifications for foam rubber usually include a required hardness. Load- 
carrying capacity or hardness of a foam rubber article is measured in the United 
States by the load required to produce a 25% compressive deflection in accord- 
ance with ASTM specification’. 

The standard test is performed by determining the height of an article 
under a preload of 1 pound per 50 square inches. Then a round flat‘disk 50 
square inches in area, while traveling at 25 inches per minute, is forced into the 
material to a height equal to 75 per cent of the original (preloaded) height. 
The force required to do so is read in pounds. 

In view of the importance of this test to the industry, automatic machinery 
to perform the test rapidly has been developed. In addition to machines de- 
signed and built by the major foam manufacturers for their own use, commercial 
units are available’. The Scott-Toledo tester (Figure 1), the most widely used 
machine, is essentially a scale with an inverted beam on which is mounted a 
hydraulic cylinder. At the lower end of the cylinder, on a ball joint, is mounted 
a circular flat plate 50 square inches in area. The article to be tested is placed 

* Reprinted from Industrial and Engineering Chemistry, Vol. 46, No. 7, pages 1530-1538, July 1054 


Chis paper was presented before the Division of Rubber Chemistry of the American Chemical Society at the 
124th meeting of the Society at Chicago, September 9-11, 1953 
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on a stationary perforated table and the plate descends under the action of the 
cylinder. When the pressure exercised by the plate upon the foam is equal to | 
pound, a microswitch starts a computing mechanism and the cylinder and 
plate continue to travel downward until 75 per cent of the original (preloaded) 
height is reached. At this point the mechanism is arrested and the so-called 
compression (hardness) is read on the dial of the Toledo scale. 

In Britain the prescribed compression is 40 per cent, measured by using a 
foot 12 inches in diameter (113 square inches in area) and the hardness is ex- 
pressed in kilograms. 


Fira. 1.—-Seott-Toledo foam hardness tester 


PROPERTIES AFFECTING HARDNESS 


The hardness of a foam-rubber article is a composite function of three groups 
of basic properties: cellular, rubber technological, and structural. 

The cellular properties comprise, in essence, three variables: density, the 
ratio of solid elastomer to air space; cell size (the average number of cells in a 
given volume), and cell shape (the degree to which originally spherical cells 
have been flattened in the process of the manufacture of the foam article). 

Rubber technological properties comprise the effects of compounding on the 
modulus of the elastomeric material of which the cell walls are composed. The 
most prominent among these are the type of elastomer or the ratio of elastomers 
in blends; the effect of curatives, i.e., sulfur and accelerator ratios; and the 
presence of reinforcing or stiffening materials, such as softeners, certain fine 
particle fillers, and comminuted fibers’. 
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Product design or structural properties relates only to molded foam articles 
and deals with such factors as core diameter, core spacing, core height (as per- 
centage of total height of the molded article) and core shape. 

Cellular Properties. Effect of Density.—The effect of density is the most 
dominant of the effects on cellular properties. The following equations relating 
density to hardness in molded slab foam have been developed partially from 
theoretical considerations: 


h, = (4 (1 — 8)?/p (1) 
where 
08 = (1 — G,/0.034)! (2) 


h, is the hardness in pounds per square inch (H, is the hardness in pounds per 50 
square inches), G, is the density of the foam in pounds per cubic inch, and p is a 
parameter in square inches per pound. The value of 0.034 is the solid density 
of natural rubber (or GR-S), expressed in pounds per cubic inch. 
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Fie. 2.—Generalized hardness-density relationship for foam rubber 


These equations have been applied to a large number of data and found to 
have broad validity, provided the cell structure is reasonably spherical, i.e., 
little cell-flattening has taken place in the process of producing the foam rubber 
article. The data also indicate that the empirical relationship, h, = kG/, 
where k is a constant, is applicable over a smaller, though useful range of 
densities. 

The hardness data determined for natural-rubber slab foam, molded in ac- 
cordance with the procedures of the Talalay process‘, are plotted as a function 
of their desnity in Figure 2. On the same graph have been drawn three cal- 
culated curves relating the density of foam to its hardness by Equations | and 
2. The parameters p = 8 X 10°, p = 10 X 107%, and p = 12 X 10° are 
indicated along the calculated curves. It will be observed that the experimen- 
tal values for natural-latex foam of the morphology obtained by the freeze-gel 
(Talalay) process satisfy the relationship for p = 10 X 10-*. The arithmetic 
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mean of the 31 values is 9.9 x 10°*. Hence, the parameter p = 10 x 10° 
has been adopted as typical of molded natural-rubber foam slab when cured 
with 2.25 parts of sulfur and a combination of zine diethyldithiocarbamate and 
zine mercaptobenzothiazole, each to the extent of 1.25 parts per 100 parts of 
rubber. 

Although the Talalay process has been predominantly employed in prepar- 
ing samples for this study, the results obtained and the relationships developed 
in this paper are deemed to be largely independent of the method used in the 
preparation of foam rubber. 

Regardless of the universal! validity of the numerical value of 10 « 10>, 
the parameter, p, is useful to designate the hardness-density relationship of 
foam rubber by way of a single index and thus can be used for the comparative 
study of effects. 

Effect of Cell Diameter.—In order to determine the effect of cell size on hard- 
ness, liquid foam rubber of four densities was produced and poured into open 
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Fic. 4.—Effect of cell diameter on hardness of foam at varying densities 


pans. The liquid foam was permitted to dwell for controlled periods of time 
before it was coagulated. The time delay was varied from 0 to 20 minutes. 
At the end of the measured time delay, the foam was instantaneously coagu- 
lated by external means. After curing, washing, and drying all samples under 
closely standardized conditions, the compression hardness was measured and 
the cell size was determined by counting cells on a photographic enlargement 
of a cut cross section. The foam was made of a blend of 80 parts of low tem- 
perature polymerized high solids GR-S (X-667) and 20 parts of centrifuged 


Hevea latex. The results are equally typical of other high-Mooney, low-tem-, 


perature GR-S latexes, polymerized in a high-solids recipe. The typical 
spectrum of cell sizes resulting from the controlled time delay and the conse- 
quent coarsening of the structure is shown in the photographs of Figure 3 
The results of this series have been plotted in Figure 4, in terms of hardness, 
h,, a8 a function of median cell diameter for the densities, G,;, of 0.0025, 0.0035, 
0.0040, and 0.0050 pound per cubic inch 

As the cell diameter increases, the compression resistance improves linearly. 


The effect is more pronounced in high-density foam than in low density foam. 
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Fie. 5.—-Apparatus for determining dynamic compression properties 


This is in agreement with the fact commonly known in the industry that ex 
tremely fine-celled foam is not as efficient from the point of view of load-carry- 
ing capacity at a given density, although it has greater sales appeal because of 
better appearance and smoother surface feel. 

The effect of cell size on dynamic properties of foam rubber is distinct from 
the effect on the static property of compression hardness 

The apparatus shown in Figure 5 was employed to obtain the dynamic com 
pression stiffening of the samples with varying cell size. It consists of a drop 
table whose shock magnitude and duration can be controlled by varying the 
surface onto which the table is dropped. On the table is mounted a strain 
gauged force cell, which supports the foam sample, and a structure guiding the 
upper loading surface and weight support post, which applies various weights 
to the upper sample surface. A slide-wire resistance gauge fixed to the table 





; 
| 


| 
40 M/SEC REL. VEL 
et | 
eeeeenesemes ad 
30 M/SEC MEL VEL 
20 im/SEC REL veu 
= —_— » 
1 M/SEC MEL VEL 





| 
© M/SEC REL VEL (STATIC) 
mupe nian als a 


RATIO STATIC ENERGY STORAGE 











16 


MEDIAN CELL OlAMETER x 10° mcHES 


Fie. 6 Effect of cell diameter on dynamic properties of foan 








364 


e cure 


~ompression befor 


oO 
vA 
~ 
Ss 
= 
=a 
- 
0 
oe 
oo) 
tS 
~ 
D 
a 
Q 
Z 
- 
= 
a 
fo 
iS 
S 
be 
s 
= 
D 
Z. 
ia) 
~ 
= 


Spectrum of cell flattening obtained by « 


1 INCH 


Fie. 7 


~ 
‘ 


0.0027 








BRE O OY kid sina? ee ee er 


LOAD CAPACITY OF LATEX-FOAM RUBBER 365 


with a sliding contact fixed to the weight support post measures the deflection 
between the lower and upper surfaces of the foam sample. This information is 
fed electrically to an oscillograph and is recorded on a sensitized paper trace. 
Evaluation consisted of plotting the force and deflection at equal time intervals 
from the loading portion of the shock pulse and comparing the energy trans- 
ferred to the cushion under dynamic conditions to the energy transferred under 
slow loading or static conditions at the same deflection value. A stiffening 
value was thereby obtained for each drop test, and since the relative velocity 
of the table and upper loading surface had previously been shown to control 
stiffening, the ratio of dynamic to static energy storage is plotted in Figure 6 as 
a function of median cell diameter for various mean relative velocities of com- 
pression (10, 20, 30, and 40 inches per second). 

As the rate of load application (relative velocity approach of the two plates) 
is increased, the dynamic energy storage for any given cell size goes up. It is 
also apparent from Figure 6 that the effect of cell size is much more pronounced 
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Fie. 8.—Effect of cell flattening on hardness-density relationship of foam. 


at higher rates of load application. This would tend to support the contention 
that the observed effect is at least in part attributable to a pneumatic phe- 
nomenon. 

The dynamic test equipment used here and results obtained therewith on 
various elastic low density materials will be described in detail in a separate 
publication® from this laboratory. 

Effect of Cell Shape.—A cellular material relies to a large extent on the arch- 
like effect of its cell walls to produce the load-carrying capacity. As a con- 
sequence, the shape of its cells is important. A spherical cell is more efficient 
than a flattened cell and, as a direct result, foam slab produced in molds (be- 
tween two parallel mold walls and adhering to both) has a higher load-carrying 
capacity for a given density than foam made on an open stratum; it thus lacks 
a top surface to adhere to which would minimize cell flattening in gelling and 
cure. 

In order to establish this effect more quantitatively, foam slab made on an 
open stratum was compressed to varying degrees after gelation and before cure. 
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The resulting cell flattening is illustrated in Figure 7. In this manner a density 
series was produced from the same starting material and the corresponding 
hardness was determined both in the direction in which the material had been 
condensed (vertical /,), and in the direction normal to it (horizontal H,). 
Another series was obtained from the same compound by molding foam slab 
at varying densities with essentially no cell flattening. The hardness as a func- 
tion of density is plotted for both series in Figure 8. It is apparent that ma- 
terial with nearly spherical cells (molded slab) is a great deal more efficient 
than material where the cells have been flattened (condensed slab, vertical 
H,). The effect becomes more pronounced with increasing cell flattening. 
The degree of cell flattening can be judged from the discrepancy between the 
curves of a vertical //, and horizontal H,. As the cells become flattened, a 
striation in the horizontal direction results. The horizontal hardness of the 
foam increases and lies above the molded line for moderate condensation ratios. 
As the flattening becomes more severe, the point is reached where the cell walls 
become so elongated that they buckle readily under compression. The foam 
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loses compression efficiency and the horizontal hardness, H,, for the condensed 
slab falls below the molded line. 

Rubber Technological Properties.—The effect of some of the rubber tech- 
nological properties upon the modulus of latex films (especially as they relate 
to GR-S foam) and hence upon the hardness of foam rubber made therefrom 
has been reviewed in a previous publication®. 

Effect of polymer properties.—In particular it was shown there that a rather 
clear-cut linear relationship appears to exist between the Mooney viscosity of 
a low-temperature polymer and the specific compression resistance of the re- 
sultant foam. The specific compression resistance of foam, which is the ratio 
of its actual hardness to the hardness of natural rubber foam (p = 10 X 107*) 
of the same density, expressed in per cent, more than doubled as the viscosity 
of the contained polymer was increased from a Mooney value, MS,, of 20 to 90. 

Many polymers evaluated since publication of the work of Talalay and 
Talalay* have continued to bear out the validity of this relationship of Mooney 
viscosity and specific compression resistance, provided the contained polymer 
did not contain excessive amounts of tight gel’. 
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Effect of curatives.—The effect of sulfur ratio on the hardness of foam was 
also outlined® for natural rubber latex and for a high-solids low temperature 
polymerized GR-S latex of medium Mooney viscosity (MS, — 53) 

The relationship is further elucidated by the graphs in Figure 9. In the 
left field the change in the index, p, of the hardness-density relationship is 
plotted as the function of sulfur ratio in the compound for natural (centrifuged 
Hevea) latex and for a GR-S latex X-667 (MS, = 80 All data are given for a 
compound containing 1.25 parts each of zine diethyldithiocarbamate and zine 
mercaptobenzothiazole as the accelerator combination. In the right field of 
Figure 9, the effect of accelerator ratio is illustrated for a constant 2 parts of 
sulfur per 100 parts of elastomer. 

Both sides of the graph show the profound effect of curatives on the hardness 
of foam rubber. There are limitations on the use of either high sulfur (aging, 
especially in natural rubber) or of high accelerator ratio (loss of elongation 
Hence, some of the potential advantages projected in Figure 9 cannot be realized 
in practice. 

Effect of fillers.—Vigure 10 summarizes the effect of three filler materials 
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on the hardness parameter, p, of foam, i.e., the effects of clay, whiting, and oil, 
up to 30 parts. Whiting leaves the hardness virtually unaffected. Oil 
softens foam rubber and clay has a stiffening effect. 

Effect of residual moisture.—An effect that should not be overlooked in 
evaluating the hardness of foam is its sensitivity to even moderate amounts of 
residual or acquired moisture. The effect of moisture content on the hardness 
of foam rubber is shown in Figure 11 (left). Any amounts of moisture in 
excess of 0.5 per cent have a telling effect on the compression hardness of 
foam. It is by and large immaterial whether the moisture was left in from the 
drying operation or whether it was subsequently acquired by contact with a 
humidity-laden atmosphere. Figure 11 also shows the effect of storing foam 
rubber for prolonged periods of time at various relative humidity levels. Be- 
low 50 per cent relative humidity there is little change, if any. At 80 per cent 
relative humidity a little over 5 per cent of the hardness is lost. At 95 per cent 
relative humidity over 20 per cent of the hardness is sacrificed on sufficiently 
long exposure. 
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Fira. 12 Core configurations and geometry 


Effect of Structural Design.—The load-carrying (hardness) properties of 
solid (uncored) slab have so far been discussed. As outlined, most practical 
applications of foam involve cored moldings. 

In view of the profound and complex effect which coring has on the relation- 
ship of weight to load-carrying capacity of a molding, it was considered desir- 
able to find an analytical method with the aid of which varying core configura- 
tions could be studied without the economically prohibitive and greatly time- 
consuming necessity of building a great number of experimental molds 

In principle, the approach involves a method of relating the hardness, //,, 
of a cored molded article to the hardness, //,, of its matrix material in slab form 
and the geometry of the core arrangement. If the load, H,,, to produce a 25 
per cent deflection in the cored article is specified, the required hardness, H,, 
of the matrix material can be found by an incremental method, whereby the 
height of the molded article is divided into a number of small (say }-inch) incre- 
ments. The average cross-sectional area of foam in each increment is found. 
The stress in each increment can now be calculated from the specified hardness, 
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H,,, and the deflection of each increment resulting from this stress can be ex- 
pressed as a function of E, the average modulus of elasticity. Lquating the 
sum of the incremental deflections to the total deflection of the article, i.e., 25 
per cent of its total height, permits solving for Z, and hence for H,, which is 
equal to 12.52. Using H,, the density, G,, of the matrix material can be found 
from Figure 2, provided the value of p for the particular compound is known 

The product of G; and the net volume occupied by the foam matrix in the 
article will yield the weight of the foam molding of the specified hardness, H,,. 
An example of this method as applied to a mattress section with semiellipsoidal 
pins® is given in a later section. 

The incremental method is laborious and time-consuming, particularly 
where pins of varying cross-section’, such as paraboloidal or semiellipsoidal 
shapes, are used. For this reason a simplified method of calculation is pre- 
sented. Figure 12 shows the various shapes of pins and pin arrangements con 
sidered, as well as the dimensions and geometric factors required for the solution 
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in molded foam articles 











For straight cylindrical pins, where the pin cross-sectional area is constant 
over its entire height, the calculations of the incremental method can be re- 
duced to a few simple equations, which are shown in the second column of 
Table I. Using the known dimensions of pin diameter, d, and pin spacing, Z, 
the value of R (the fraction of the total area on the cored side which is not oc- 
cupied by pins, Figure 12) can be calculated from Equation lor 5. Fora given 
R and the specified value of //,,, Equation 15 gives the value of H,; using this 
value of /, the foam desnity, G,, is obtained from Figure 2. The weight of a 
cored article 50 square inches in superficial area is given by Equation 19 

The incremental method cannot be reduced to a few equations for pins of 
nonuniform cross-section. However, as it has been observed that the density- 
compression relationship is the same for cored pieces of equal percentage of void 
volume (per cent of total volume occupied by core pins), it is possible to find 
for any shaped pin an equivalent straight cylindrical pin-—that is, a cylindrical 
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pin which has the same volume. The equivalent cylindrical pin is then treated 
as described in the preceding paragraph, assuming the same center-to-center 
spacing and, therefore, a corrected value of Z and d. 

This method has been applied to semiellipsoidal, paraboloidal, and cylindri- 
cal pins with hemispherical tops, and the resultant equations are shown in 
Table I. The recommended procedure is to first calculate the equivalent 
values of d and Z by Equations 9 to 11 and 12 to 14 and then to use these 
equivalent values and proceed exactly as in the case of a cylindrical pin. As an 
aid in using this method, R has been plotted as a function of the ratio Z/d for 
both parallel equidistant and staggered equidistant spacing, as shown in Figure 
13. The use of these curves makes a mathematical solution of Equations | to 
{ and 5 to 8 unnecessary and substitutes a graphical solution. 

Table II compares the weights of six cored pieces, calculated by the incre- 
mental method and by the shorter method of Table I. The agreement between 
the two methods is very good, although the weights calculated by the simplified 
method were from 0.6 to 3.8 per cent less than calculated by the incremental 
method. 

TaBLe II 
ComMParRIsON oF Two Mernops or CALCULATING WEIGH1 


Hard Calculated weight (Ib 
Type Ht. of Ht. of Pin Pin “He Incre Simpli Devi 
of section pin, diam., spacing, (Ib. /50 mental fied ation 
pine A (in hp (in d (in Z (in.) ~—8q. in.) method method ‘ 
0.75 0.75 0.25 0.164 0.1635 
1.00 1.00 0.188 0.161 0.156 
1.00 1.00 0.25 0.158 0.152 
1.000 1.000 0.25 0.1465 0.1429 
2.375 1.50 0.375 0.1683 0.164 
4.875 1.50 0.375 20 0.548 0.536 


*s, cylindrical pin with hemispherical top; p, paraboloidal pin; e, semiellipsoidal pin 
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The validity of these methods has been checked by comparing the actual 
weight of a number of cored articles with the weight computed for each article 
at its measured compression, A series of eight 2-inch-thick cushions of varying 
densities and compressions but of the same core configuration (h, 1.625; 
d = 0.625; Z = 0.3125) was made. The material was natural Hevea latex 
and the index p = 10 & 10°* was used. The actual weight of the cushions and 
weights calculated by both the incremental and simplified methods varied from 
+1.6 to —6.2 per cent. Further examples of the validity of the method are 
presented in connection with Figure 14. Generally it can be stated that both 
the simplified and the incremental methods produce equivalent results. 


APPLICATIONS OF THE METHOD 


It has been shown that the method permits calculation of the weight of a 
foam molding of any given core configuration with an accuracy of better than 
5 per cent, provided the hardness, //,,, of the molding is specified and the hard 
ness-density relationship (index b) of the latex compound is known 

Analysis of the formulas underlying the method indicates that, for a given 
foam-rubber article with a specified hardness, the weight will be reduced by 
increasing the pin diameter, reducing the metal-to-metal spacing in the core 
pattern, and reducing the thickness of the top sheet, or summarily by any 
device increasing the void (or cored out) volume. Intrinsically this is due to 
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weight of a cushion for given hardness 


the fact that the hardness of homogeneous (slab) foam material increases ap- 
proximately with the square of its density. 

In order to elucidate the effect of void volume on the weight of a foam mold- 
ing, 80-odd cushions were made with widely varying core patterns. The 
cushions all measured 15} 15} X 4.10 inches. The pins were cylindrical 
with hemispherical tops and measured 3.70 inches in height (h,). Fourteen 
core-pattern arrangements were produced as tabulated in Table III. The 
weight necessary to produce M,, = 20 was calculated for each core pattern 
using an index p = 8.5 X 107 throughout, as indicative of a blend consisting 
of about equal parts of Hevea latex and high Mooney GR-S latex (X-667) 
The actual cushions covered a range of densities (and hardnesses) for each core 
pattern and the experimental (observed) weights were graphically interpolated 


Taste III 


COMPARISON OF CALCULATED AND OBSERVED WEIGHTS 
FOR VARYING CorE PATTERNS 


Pin Pin % Devia- 
Core diam., spacing, Void Caled Observed tion 
pattern d (in.) Z (in) volume wt. (lb wt. (Ub Y 

l 0.5 1.0 9.18 2.61 2.60 0.38 

2 0.5 0.75 12.76 2.55 2.49 2.35 

3 0.5 0.375 23.2 2.3! 2.28 1.20 

4 0.75 0.75 19.0 2.45 2.39 2.45 

5 0.75 0.50 22.6 2.39 2.22 ~7.12 

6 0.75 0.375 29.6 2.28 2.23 -2.19 

7 1.0 1.0 21.0 2.42 2.38 -1.65 

8 1.0 0.75 25.2 2.35 2.33 0.85 

9 1.0 0.50 33.0 2.23 2.17 2.69 
10 1.0 0.375 39.5 2.14 2.01 6.08 
1) 1.5 0.75 34.6 2.22 2.27 +2,.25 
12 1.5 0.50 42.9 2.09 2.10 +0.48 
13 1.5 0.375 48.0 2.01 1.96 2.48 
14 1.5 0.250 55.4 1.90 1.92 +0.53 
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Fie. 15.—-Impact fatigue tester 


also for an //,, 20. In addition, the calculated and observed densities, G,, 
of the foam matrix were ascertained for each core pattern. If the foam density 
of the matrix is plotted against void volume a smooth curve will result. Such a 
curve is shown in Figure 14. This curve is specific to a fixed ratio (h,/h) of 
top sheet to over-all cushion thickness. The numerals along the graph of 
Figure 14 refer to the first column of Table III (core pattern). 

The correlation between measured and calculated values of G, is satisfac- 
tory. It would be even better if p = 8.25 * 10° rather than the statistical 
long-term average for this compound, i.e., 8.5 * 107%, had been used. 

The curve gives a clear indication of the relative effect of void volume on the 
required foam density of the matrix. Using the curve of foam-density vs 
void (cored out) volume of Figure 14, the weight of the cushions has been cal 
culated for various void volumes, and is also shown in Figure 14 (upper curve) 
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Fig. 16 Effect of void bottom area on softening of molded foam cushions 
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The interpolated observed weights of the various experimental cushions are 
again shown and identified by number. The agreement between observed and 
calculated weights is of the same order as between observed and calculated 
densities. There are a number of practical limitations to the extent to which 
void volume can be increased by either increasing core diameter, decreasing 
metal-to-metal distance, or reducing the top stock. One such limitation is 
that cushions with an excessive void volume have a greater tendency to fatigue 
under repeated impact. The cushions of Table III were subjected to 16,000 
impacts on the impact fatigue tester shown in Figure 15. In this test, a circular 
33-pound weight (14 inches diameter) is raised to 184 inches above the base of 
the tester and permitted to drop freely 12 times per minute onto the sample 
resting on the base. The per cent change of hardness of cushions subjected to 
the impact test is shown as a function of per cent void bottom area (1-R) for 
three interpolated levels of hardness, //,, = 10, 20, and 30 in Figure 16. The 
figure indicates that as the void core bottom area (cored away area) begins to 
exceed 40 per cent the ability of a foam molding to absorb repeated dynamic 
stress diminishes. The effect becomes particularly severe if the void area 
exceeds 50 per cent, and it is in that range that frequent fatigue failure of the 
cushion structure is encountered on repeated pounding. 
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hy. %3.875 inches Fy Fo. Area of triangle ABC 
he. 0.375 inch Fis. Shaded area 
d. 15 inches 


Other considerations which limit the degree to which void volume can be 
increased are difficulty of stripping (removing after molding) an article from 
closely spaced core pins and the uneven surface appearance of a cored article 
with insufficient top skin. Also, with excessive void volumes, the phenomenon 
of buckling of core legs becomes marked, resulting in an inefficient utilization of 
the rubber contained in a cushion. 


APPLICATION OF INCREMENTAL METHOD 


The following example illustrates the use of the incremental method for the 
calculation of the weight of a cored article. The geometry of the case con- 
sidered is shown in Figure 17. The hardness selected is 20 poiunds per 50 
square inches. It is assumed that the compound used has a p value of 10 
107%, 


Height of cushion, A = 4.25 inches 

Semielliposidal pins, staggered equidistant arrangement 
Height of pins, A, = 3.875 inches 

Thickness of top sheet, h, 0.375 inch 
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Diameter of core pins, d = 1.5 inches 


Pin to pin distance, Z = 0.375 inch 
Axes of ellipsoid, a = 3.875 inches; b 


0.75 inch 


375 


If x is the distance from bottom of the cored section in inches and y is the 
radius of circle cut by section through pin at height z, in inches (see Figure 17), 


then: 


Area occupied by foam where there 


Figure 17): 


y (b/a) (a? 


is no coring 


x)! 


(area of triangle ABC, 


Fs 1.522 square inches 
| area occupied by foam within total area F at sections 1, 2,3... n 
Area F 
Section Z Y y* w/2)y hy m/2)y 

16 0 0.750 0.563 0.883 0.639 
15 0.25 0.749 0.561 0.881 0.641 
14 0.50 0.743 0.552 0.867 0.655 
13 0.75 0.735 0.540 0.848 0.674 
12 1.00 0.724 0.524 0.823 0.699 
11 1.25 0.710 0.504 0.791 0.731 
10 1.50 0.691 0.477 0.749 0.773 
9 ).75 0.669 0.447 0.702 0.820 
ta 2.00 0.642 0.412 0.647 0.875 
7 2.25 0.610 0.372 0.584 0.938 
6 2.50 0.573 0.328 0.515 1.007 
5 2.75 0.524 ().274 0.430 1.092 
4 3.00 0.474 0.225 0.354 1.168 

} 3.25 0.408 0.1665 0.262 1.260 
2 3.50 0.322 0.1037 0.163 1.359 
l 3.75 0.189 0.0357 0.056 1.466 
0 3.875 0.000 0 0 1.522 


For hardness H,, 
in any increment is 


20 pounds per 50 square inches specified the stress 


8p 


20 


50 


Fs 


x= 
F, 


0.400 


< 


oi 
n 
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Average values of F and s are found over every increment of height. 


Between 
sections 
0(Top sheet) 
0-1 


_—_ 
DAI Ore WS bdo 


eB? le 
ae et tt te pt et 
POISON Oo 
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LS 


4, 


2. 


Ht. of 
increment, 
An, inch 
0.375 
0.125 
0.25 
0.25 
0.2! 
0.2! 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 


a 


— 


— 


Av. area, 
PF 


aq in 
1.522 
1.404 
1.412 
1.310 
1.214 
1.130 
1.050 
0.972 
0.907 
0.8348 
0.797 
0.752 
0.715 
0).687 
0.665 
0.648 
0.640 


5 = Dh, = h (total height) 


Av. stress 


4s, 
Ib. /sq. in 
0.400 
0.407 
0.450 
0.465 
0.501 
0.539 
0.581 
0.627 
0.672 
0.719 
0.765 
0.810 
0.852 
().887 
0.916 
0.940 
0.952 
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516 


The deflection is 
Ao + Ao | + Ay 
stress 


Using A where E is the modulus of elasticity in compression, = 
y strain 
pounds per square inch. 
For every increment of height 


An Ra 8, x A 


(0.375 K 0.400 A) + (0.125 K 0.407 A) 
+ 0.25 A (81-2 4 


r 0.150 A + 0.051 A + 2.664 A = 2.865 A 


Since the total deflection is 25% of the cushion height: 
1.0625 = 2.865 A 


“ov 


A h /4 = 4.25/4 


A = 0.371 square inch per pound 


i, : l , 
— and strain = (25% deflection): 
50 4 


| strain 

Since A : and stress 
E stress 

H, 12.5/A 12.5/0.371 = 33.7 pounds per 50 square inches 

Assuming a value of p for the compound of 10 107%, the foam density is 

obtained from Figure 2: 
G, = 0.00398 pound per cubic inch 

The number of core pins in a surface area of 50 square inches is 


V, = 50/(2F4) = 50/(2 XK 1.522) 16.4 


The volume of each pin is: 

q = 2.095 ab? (2.095) & (3.875) & (0.75)? = 4.57 cubic inches 

The total volume of pins inside 50-square-inch area: 
Q = qN, = (16.4)(4.57) = 75.0 cubic inches 


Gross volume of cushion: 
12.5 cubic inches 


V. (50) (4.25) 2 


Volume occupied by foam: 


Vp 212.5 75.0 137.5 cubic inches 


Using the foam density obtained, the weight of a cored section 50 square 


inches in superficial area is given by: 
W (137.5) (39.8 & 107~*) = 0.548 pound 
NOMENCLATURE 


1 strain 


reciprocal of modulus of elasticity B st square inches per pound 
", Stress 


long semiaxis (axis of rotation) of semiellipsoidal pin, inches 
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= short semiaxis of semiellipsoidal pin, inches 

= diameter of core pin, inches; d*, d?, and d* = diameter of straight cylin- 
drical pin equivalent to semiellipsoidal pin, paraboloidal pin, and cy- 
lindrical pin with hemispherical top, respectively 

are ; stress 

modulus of elasticity in compression, aaoees pounds per square inch 

= area, square inches 

area of equilateral triangle (staggered pins) or square (parallel pins) 
bounded by centers of adjacent pins 

area actually occupied by foam at top surface within total area of F; 
when there is a continuous top sheet, F, = F4 

,n = area actually occupied by foam within total area F at sections 

1,2,---+n 

= density of dry foam, pound per cubic inch 
load necessary to compress cored section to 75% of its original height, 
pounds per 50 square inches 

load necessary to compress slab to 
50 square inches 

load necessary to compress slab to 75% of its original height, pounds per 
square inch 

height of increment 

over-all height of cored section, inches 

= height of pin, inches 

= thickness of top sheet, = h — hy, inches 

constant 

number of pins in a 50-square-inch area 

parameter in Equation 1, square inches per pound 

volume of a single pin, cubic inches 

total volume of pins in a 50-square-inch area, cubic inches 


: 

7. = fraction of total area on bottom of cored section which is occupied 
4 
by foam; R*, R*, R* = R for straight cylindrical pin equivalent to 
semiellipsoidal pin, paraboloidal pin, and cylindrical pin with hemi- 
spherical top, respectively 

= stress, pounds per square inch; 80~;, 8)~2,°* -8m-1)-n = average stress in 

the increment of height bounded by sections 0 and 1, | and 2, (n 1), 

and n 

= apparent (total) volume of a cored piece, 50 square inches in area, cubic 
inches 

volume of foam in a cored piece 50 square inches in area, cubic inches; 


~ 
‘ 


5% of its original height, pounds per 


Ve 
Va 
weight of a cored section 50 square inches in area 
distance from bottom of the cored section, inches 


) x 100, per cent 


void volume = (1 - 


= radius of circle cut by section through pin at height z, inches 


metal-to-metal distance between pins, inches; Z‘, Z?, Z* = metal-to- 
metal distance for straight cylindrical pins equivalent to semiellipsoi- 
dal, paraboloidal, and cylindrical with hemispherical top pin, re- 
spectively 





RUBBER CHEMISTRY AND TECHNOLOGY 


over-all compression, inches; Ao-;, Ai—2,::-A@—1)—n. = compression in 
incremental height bounded by sections 0 and 1, 1 and 2,---n — 1 
and n 

function of foam density, given by Equation 2 
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SUMMARY 


Specifications for latex foam rubber usually include a required hardness, 
which is measured by the force necessary to compress the material to 75 per 
cent of its original height. While the hardness of a slab of foam rubber de- 
pends primarily on its foam density, it also depends on the type of latex, the 
curing system, compounding materials, and moisture content. It is likewise 
affected by cell size (larger cells being more favorable) and cell shape (spherical 
cells being more efficient than flattened cells). 

For slab material of any given composition and cell structure, the hardness 
can be related to density by a simple equation. For cored material, hardness 
and density can be related by integrating deflections of small increments of 
height over the entire height of the article. This procedure can be reduced toa 
few simple equations for most shapes of core pins. With these equations, the 
effect of mold configuration on the weight of a given foam article has been in- 
vestigated. For any specified hardness, the required weight of a foam rubber 
article can be reduced by increasing core-pin diameter, decreasing pin spacing, 
and reducing the thickness of uncored top stock, or in effect increasing the 
cored-out volume. Intrinsically this is made possible by the fact that hardness 
of homogeneous (slab) foam material increases approximately with the square 
of its density. ‘ 

These design variables have been subjected to both theoretical and experi- 
mental study. Their effect and their practical limitations are discussed. The 
experimental data are primarily based on foam rubber produced by the so-called 
Talalay process. However, the general relationships presented in this paper 
are believed to apply equally to latex foam made by the Dunlop method. 
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MIGRATION OF ANTIOXIDANTS DURING 
OVEN AGING * 


W. J. K. ScHontat 


Russer Founpation, Detrr, Neruer.anps 


Accelerated aging tests of vuleanized rubber in a Geer oven have been per- 
formed since 1917, but the results of the enormous amount of work done may be 
to a large extent unreliable, especially when volatile compounding ingredients 
were used. This is because the accelerated aging characteristics of vulcanized 
rubber are affected by migration of substances from other samples of vulcanized 
rubber aged in the same oven at the same time'. Even when not aged in the 
same oven, interaction may occur, since the oven may have become contami- 
nated by various compounding ingredients that affect subsequent aging tests? 

In order to evaluate the effect of migration of antioxidants when a vuleani- 
zate containing no antioxidant is aged in the same oven at the same time as a 
similar type of vulcanizate containing a volatile antioxidant, the following ex- 
periment was made. 

The composition of the mixture was, in parts by weight, as follows 


Rubber (No. 1 ribbed smoked sheet) 100 
Sulfur 3 


Mercaptobenzothiazole 0.4 
Benzothiazoly] disulfide 0.4 
Stearic acid | 
Cycline oil 2 
Hakuenka-CC 27 
Zine oxide 55 


From this base mixture, several vulcanizates, each containing one part by 
weight (based on 100 parts of rubber), respectively, of the following four anti- 
oxidants: Styphen-I (phenol-styrene condensation product), Antioxidant No 
4010 (p-phenylenediamine derivative), P.B.N. (phenyl-6-naphthylamine), and 
Agerite White (sym. di-6-naphthyl-p-phenylenediamine). 

To ascertain the protective effect of these ingredients, the blank and the 
mixtures containing antioxidants were aged individually in Geer ovens. The 
results are shown in Figure 1, where the resistance to aging is expressed as per- 
centage of tensile strength retained. 

In the second test, the blank and the vulcanizates containing Styphen-l 
and Antioxidant 4010 were aged in one oven at the same time with a large 
number of unknown other samples present. 

The results are shown in Figure 2, and it is evident that, in these cireum- 
stances, the aging resistance of the blank and the Styphen-I mix is affected to a 
large extent by the presence of other compounds. 

In the third test, the blank was aged in an oven by itself, and also in other 
ovens together with test-specimens of the same composition, except that each 
contained one of the antioxidants. The results are shown in Figure 3. Con- 


* Reprinted from the India-Rubber Journal, Vol. 127, No. 6, pages 228 and 230, August 7, 1954 
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Fie. 3 Aging of blank together with a mixture containing an antioxidant. 
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sidering an aging period of eight weeks, the aging resistance of the blank was 
little affected by the presence of vulcanizates containing Styphen-I, Anti- 
oxidant No. 4010, or Agerite White, whereas there was a pronounced effect on 
the aging resistance of the blank when aged together with a similar vuleanizate 
containing P.B.N. 

The conclusion is, therefore, that, in order to get the correct impression of 
the aging resistance, it is essential to make aging tests in individual containers 


SUMMARY 


The aging characteristics of a natural-rubber vulcanizate containing no 
antioxidant, measured in a Geer oven at 70° C, are affected by migration of 
phenyl-8-naphthylamine from other vuleanizates aged in the same oven at the 


same time 
REFERENCES 
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. R.T. VANDERBILT CO. ine. “ 


Vv , VW 


230 Park Avenue, New York 17, N. Y. 
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News about 


B. F. Goodrich Chemical =~ ==: 


These 4 
“Cold” Hycar Rubbers 


meet every tough-job need 


y f= “cold” en gery ae types of one, and write us for helpful technical in- 
Hycar rubber have a host of applica- formation on your specific requirements. 
tions, especially where toughest conditions Please write Dept. CK-1, B. F. Goodrich 
must be met. Each offers specific advan- Chemical Company, Rose Building, Cleve- 
tages, that can help you improve or develo land 15, Ohio. Cable address: Good- 
more saleable products. Check over eac chemco. In Canada: Kitchener, Ontario. 





High acrylonitrile copolymer. 


Eosy processing, excellent oil and solvent resistonce. 
Used for oil well parts, fuel cell liners, fuel hose, rolls, lathe cut gaskets, 
packings, "O” rings, etc. 





Medium acrylonitrile copolymer. 

Easy processing, very good oil and solvent resistance, good water resistonce, 
excellent solubility 

Used for shoe soles, kitchen mats, printing rolls, "O” rings, gaskets, etc. GR-S and 
vinyl resin modifications, adhesives and cements. 





Medium low acrylonitrile copolymer. 

Easy processing, good oil and solvent resistance, very good low temperature properties. 
Used for gaskets, grommets, “O” rings, hose and other applications which require 
improved low temperature properties. 





Crumb form—Medium acrylonitrile copolymer. 
Directly soluble—no milling required. 
Used for nts ond adhesi 








pat. Los 


GEON polyvinyl materials « HYCAR American rubber and letex « GOOD-RITE chemicals and plasticizers » HARMON colors 


B. F. Goodrich Chemical Company year 


A Division of The B. F. Goodrich Company 











SERVING THE 


RUBBER INDUSTRY 


witli 


DEPENDABLE 
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STAMFORD “FACTICE” 
VULCANIZED OIL 


(Reg. U. 8. Pat. Off.) 


Our products are engineered to fill every need in 
natural and thetic rubber compounding wherever the use of vulcanized 
oil is ot nate i 

We pain with pride to a complete line of solid Brown, White, “Neo- 
phax” and “‘Amberex” grades, and hydrocarbon solutions of ‘ ‘Factice” for 
use in their appropriate compounds. 


Continuing research and development in our laboratory and rigid produc- 
tion control has made us the leader in this field. 


The services of our laboratory are at your disposal in solving your com- 
pounding 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 
Manufacturers of “Factice” Brand Vulcanized Oil 
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for greater economies than ever 


Hi-Sil 233 is the latest and our proudest addition to the 
Hi-Sil family. @ Hi-Sil 233 furnishes all of the exceptional 
properties associated with Hi-Sil 202, which is no longer 
available. @ But best of all... Hi-Sil 233 is lower in price. 
® Production is constantly increasing and shipments are 
being made now with a minimum of delay. Write today 
for your experimental samples. 


i \\ COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


\ SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 


\ ONE GATEWAT COUTER PITTSOURGH 12 FEMME TL VAMIA 


VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE’ 


A Series of Water Dispersions of Latex Compounding Chemicals 
* 
Technical information and samples forwarded promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. 


WEST COAST REPRESENTATIVE: NEW ENGLAND OFFICE 
Alco Oil & Chemical Corp. 
win a eg ne 610 Industrial Trust Bidg. P 


Los Angeles 58, Calif. gy be sn km 
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This is the main point... 
make a factory test with 





ST. JOE coated ZnO 





BLACK LABEL #20-21 


~ 











Pipa 


21 





The monomok ir hlm of hydrophobic high molecular weight organi 


ester on St. Joe's coated 
7vinc oxide has 


a more positive charge than that of rubber. Thus, the rubber | 


aS a greater 
affinity for St. Joe's coated zinc oxide than for an 


» un 
tion in incorporation m Phe 


oxide particles t 


oated pigment with cor juent reduc 
repelling force o positively charged film on the zinc 
improved dispersion in less time by preventing agglomeration 





OUR 6-PAGE ULUSTRATED FOLDER, CONTAINING 


ST. JOSEPH LEAD COMPANY 
DETAILED OPERATING DATA ON THE ST. JOE UNIT. LOAD 250 Park Avenue, New York 17 


Plant & Laboratory: Monaca (losephtown) Pa. 


| 
METHOD 18 YOURS FOR THE ASKING 
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SWOT OO WOT OG WOT OOO OOO OUT OO WUT OD 


Now Available —A new English-language 
Text Book on Rubber 


RUBBER: Natural and Synthetic 


By H. J. STERN 


A Comprehensive Treatise on Production and Processing 
including Compounding Ingredients, Machinery and Meth- 
ods for the Manufacture of various Rubber Products. 


First Edition —491 Pages — 200 Illustrations 
PRICE: $12.00* Postpaid in U. S. 





Second Edition of 


LATEX in INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


912 Pages e 6 x 9 Inches . 25 Chapters 
Bibliography © AuthorIndex © Subject Index 
PRICE: $15.00* Postpaid in U. S. 

$16.00 Postpaid in All Other Countries 





(*) Add 3% Sales Tax for Copies 
to New York City Addresses 


Available from 


RUBBER AGE 


101 West 3lst St. New York I, N. Y. 
CAM SCAR SCAR SCAR DCAM SCAR SCARS 
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TESTED is TRUSTED 


Do you want to test compounds for 
deterioration at EXTREME TEMPERATURES? 


Up to 450 F 


MODEL LG AGEING TESTER 


For Temperature Ageing Tests of elastomers 
—also for Oxygen Ageing Studies. Here is 
an insulated solid aluminum block oven, with 
built-in electric heating elements and temper- 
ature controls. The individual isolated 
compartments eliminate errors due to con- 
tamination between samples. 2 models: 28 
compartments 144” dia. / temperature age- 
ing; also with a lesser number of larger com- 
yartments for oxygen ageing. For ASTM 
‘est No. D865-52T. 


As low as -8O°C 


BRITTLE POINT TESTER 


With a range of +50° to —80° 
C, this tester—which is self- 
contained and readily portable 
—can produce extremes of tem- 
perature under which plastics 
and rubber shatter like glass. 
Conforms to ASTM Designation 
D746-52T 


REQUEST LITERATURE 
SCOTT TESTERS, ING. ‘tice 
Seo Testers — Standard of te Wosld 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 











SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 














VULCANIZED VEGETABLE OILS 
¢ RUBBER SUBSTITUTES » 





REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron —- Boston —- Trenton — Chicago — Denver — Los Angeles 
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All dolled) up..... 


and goes everywhere 


In keeping with today’s publishing trends, Rubber World has 
changed its physical appearance, to offer readers a fresh, modern 
look and an easy to read format—yet a magazine backed by more 
than 65 years of valued experience. From cover to cover Rubber 
World is a publication devoted to the technical man in the indus- 
try, and is designed for quick reading of its accurate and timely 
technical material. 


its leadership in publishing original and 
accurate technical material—articles to 
help the production man in solving his 
many problems. 


its policy of maintaining an Editorial Ad- 
visory Board, to aid the Editor in present- 
ing completely accurate facts and data. 


its circulation policy of complete coverage 

of the rubber industry. Rubber World 

_ now offers almost 25% greater coverage 

RUBBER WORLD / of rubber manufacturing staffs than the 
has NOT changed nearest paper in the field. 

its policy of offering an AUDITED circu- 

lation, more than 65% paid, in accordance 


with U. S. Postal Regulations governing 
2nd Class mail. 


its complete coverage of the scientific 
and technical activities, personalities, 
meetings, and other items of interest to 
readers. 





its position of respect in the rubber in- 
dustry. 


For complete details of its 
service to the industry write 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
| 
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WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 











For compounding rubber and synthetic 
rubber. 


No. 33 CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 


33 Rector Street - New York 6, N.Y. 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 





INDEX TO ADVERTISERS 
Pace 

Alco Oil and Chemical Corp...... 23 
American Cyanamid Company, Organic Chemicals Division 10 
American Zinc Sales Company 
Binney & Smith Company...(Opposite Table of eee 
Cabot, Godfrey L., Inc 
Carter Bell Manufacturing Company, The 
Columbia-Southern Chemicals Company 
Du Pont Rubber Chemicals Division (Chemicals) 
Du Pont Rubber Chemicals Division (Neoprene) 
Goodrich, B. F., Chemical Company ................... 20 
Goodyear, Chemical Division 5 
Hall, C. P., Company, The 
Harwick Standard Chemical Company... . 
Huber, J. M., Corporation .. . 
India Rubber World 
Koppers Company, Inc. (Chemical Division) 
Monsanto Chemical Company. . 
Naugatuck Chemical Division (U. 8. Rubber Company). . 
Neville Chemical Company.......... e 3 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan-American Refining Corp., Pan American Chemicals Div. 8 
Pennsylvania Industrial Chemical Company........ 14 
Phillips Chemical Company....... ee 2 
Rare Metal Products Company 27 
Richardson, Sid, Carbon wr 6 
Rubber Age, The. Peeeeawankese ces 25 
St. Joseph Lead Company . 24 
Scott Testers, Inc ..... Se ye a 26 
Sharples Chemicals, Inc ; 3 
Southern Clays, Inc 29 
Stamford Rubber Supply Company, The er 
Sun Oil Company, Sun Petroleum Products 

(Opposite Title Page) 16 
Superior Zinc Corporation 27 
Thiokol Chemical Corporation 4 
Titanium Pigment Corporation é 
United Carbon Company 
Vanderbilt, R. T., Company 19 
Witco Chemical Company (Opposite Inside Front Cover).. 1 














CARBON BLACKS 
Wyex (EPC) Aromex CF 
Easy Processing Channel Black Conductive Furnace Black 
Arrow TX (MPC) Aromex ISAF Intermediate 
Medium Processing Channel Black Super Abrasion Furnace Black 
Essex (SRF Aromex SAF 
Sontendomes Furnace Black a oy Furnace Black 
rove 
Modulex (HMF) Fast Suvediag Furnace Black 
High Modulus Furnace Black Coll b 
ollocar 
Aromex HAF 80% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 


CLAYS 
Suprex Clay . . . « High Reinforcement 


Paragon Clay. . . . . Easy Processing 
Hi-WhiteR . . . . + « White Color 


RUBBER CHEMICALS 


Turgum S, Natac, Butac. . . . . . « Resin-Acid Softeners 
Aktone . . . «© «© «© «© © «© «© + +) Accelerator Activator 
Zeolex23  . . « «© «© «+ « « « « Reinforcing White Pigment 


J. M. HUBER CORPORATION ~*~ 100 Park Ave., New York 17, New York 











service 
department 





for assistance 
with your 
white 
pigmentation 
problems 





“ TITANOX 


TITANIUM PIGMENT the bight name in fugments 


CORPORATION 
Sebsidiery of NATIONAL LEAD COMPANY ey 
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Performance you can rely on! 


THERE'S A TYPE 
TO MEET YOUR EXACT 
REQUIREMENTS 


DRY NEOPRENES 


GENERAL-PURPOSE TYPES 


TYPE GN Suitable for use in non-staining 
and light-colored compounds 


TYPE GN-A Contains a stabilizer that re 
sults in improved storage stability; will stain 
and discolor 


TYPE GRT Recommended for compounds 
requiring improved tack retention and maxi 
mum resistance to crystallization 


TYPE W Possesses outstanding storage 
stability and excellent processing characteris- 
tics. Produces vulcanizates having light color, 
good heat resistance and low set. 


TYPE WRT For use wherever the proper 


ties of Type W are desired plus maximum re- 
sistance to crystallization 


TYPE WHV For low-cost compounds when 
loaded with substantial amounts of oil and fill- 
er. itis a high-viscosity Type W 


SPECIAL-PURPOSE TYPES 


TYPE AC Especially developed for quick- 
setting adhesive cements. Superior in stability 
and color 


TYPE KNR ... Especially developed for high- 
solids cements, putties and doughs 


TYPE S...Especially developed for crepe 
soles. Also used as a stiffening agent during 
processing of other neoprenes 


NEOPRENE LATICES 


TYPE 571 (Solids 50°, + 1°%,) —General-purpose 
typefor most applications. TYPE 572 (Solids 50°, 
+: 1%)—Fast-setting, high wet strength type for 
adhesives. TYPE 601A (Solids 59%, + 1°%)—For 
dipped and coated goods and for foam. improved 
resistance tocrystallization. TYPE735( Solids 34°, 
t2%)—A sol type latex. Specially suited for 
paper making. Used with other latices to improve 
wet gel strength and extensibility. TYPE 736 





NEOPRENE RESISTS: 
Oxidation + Heat + Sunlight « Ozone 
Oils «+ Aging 
Abrasion + Flex Cracking 


Grease + Chemicals - 


Flame «+ 











Let us help you with your problems — 
write or call: 


(Solids 34.5°% + 1.5%)—A more stable form of 
TYPE 735 for use in paper making. TYPE 842A 
(Solids 50° + 1% )—General-purpose, fast-curing 
type; vulcanizates have improved resistance to 
crystallization. Recommended for dipping, satura- 
tion, and as a binder for fibers. TYPE 950 (Solids 
50°) « 1%)—A cationic latex whose compounds 
are Stable in range of pH2-12. For treatment of 
fibrous materials 


BETTER THINGS FOR BETTER LIVING 
« THROUGH CHEMISTRY 


E. 1. DU PONT DE NEMOURS & CO. (INC.) 
RUBBER CHEMICALS DIVISION 
WILMINGTON, DELAWARE 





portal tor ALL 
Males Mt pLAsTIC 
COMPOUNDING 


depen rey | 
You can upon the Precision char- 
acter of Harwick S$ a a 
gardiess of the quantity requirement . . . 

Here is dependable assurance of uniformity | 
in any type compounding material for | 
rubber and plastics to give ¢ ig 
product development and production runs. 

Our services are offered in co- 

operative research ho 


application of any compounding j 
in 


HARWICK STANDARD CHEMICAL Co. 


AKRON 5, OHIO 





Poe HORSE 
FASTER... a 

BETTER 
with Oxi DES 


..» Because the Horse Head line comprises the most 
complete family of Zine Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 


and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


» ++ Because you need to compromise less when you 
choose from the wide variety of Horse Head Zinc Oxiiles, 
..» Because the Horse Head brands can improve the 
ge nage of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 38, N. Y. 





